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Better cell operations 


FREE 


The technical skills and experienced know-how of the men who operate mer- 
cury cells, are most important factors in low cost chlorine-caustic production. 


Equally important is the superior performance cf GLC anodes, which 
ELECTRODE 
are ‘custom made” to individual cell requirements. 
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Progress begins in the mind—in the perception and 
In the past the ideas that 


too often had to wait on the random 


appreciation of new ideas 
sparked progress 


interest of genius. ‘Today more and more new ideas come 


from men trained to an awareness of that which is vet 


to be accomplished 


\t Bell 


entering upon its 


Laboratories, communications science 1s 


most challenging era in history. As 
never before, progress will depend upon men who have 
acquired the special training needed to think creativels 


in this exciting field. 
Bell Laboratories provides the young college grad- 


uate with unique opportunities to develop his creative 


BELL TELEPHONE LABORATORIES 


WORLD CENTER OF COMMUNICATIONS RESEARCH AND DEVELOPMENT 


of ti 
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Kendall Preston S.\1. in enginee 


tr 


ring from Harvard University 


el Communications Development 


abilities. During his first two vears, he spends two or 


three days a week as part of Ins job, taking postgraduate 


courses in basic mathematics, physics and clectromecs 
Lhis he does at a graduate study center which has been 
established at the Laboratories by New York Universits 
As he gathers a broad fundamental knowledge which will 
enable him to tackle every type of communications prob 
lem, he also gathers credits toward advanced degrees. ‘To 
round out his education, he spends a third year on special 


phases of communications technology 


By helping scientists and engineers to reach their top 
development, Bell Laboratories has helped to make your 
telephone system the world’s best—and will keep it so 


W in? 
here does progress begin ‘ ee 
sa 
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HOW TO PLATE PRINTED CIRCUITS 


FASTER, BETTER, 


AT LOWER COST 


...with Bz A Fluoborates 


First step—use B&A copper fluoborate for high-speed 
copper plating of thick, high quality circuits. 


Second step—use B&A lead-tin fluoborate for maxi- 
mum solderability (60:40 tin-lead deposit). 


Advantages: Both of these high purity fluoborate 
plating solutions come in concentrated solution form. 
They give you easy bath make-up and easy control. 
Since anode and cathode efficiencies approximate 
100%, you get easy maintenance, too. They require 
no mixing or dissolving, and offer excellent bath sta- 
bility, good anode corrosion. 


GENERAL CHEMICAL DIVISION 
ALLIED CHEMICAL & DYE CORPORATION 
40 Rector Street, New York 6, N Y. 


Result: You produce better printed circuits, faster 
and at lower cost—more easily, too! 


Mail coupon now for comprehensive technical bulle- 
tins giving complete information on these improved 
plating techniques for printed circuits. 


BAKER & ADAMSON PRODUCTS 
GENERAL CHEMICAL DIVISION 

ALLIED CHEMICAL & DYE CORPORATION 

40 Rector Street, New York 6, N. Y. 


Please send technical bulletins on the use of B&A Fluoborates 
in the production of printed circuits 


Name___ 


Title 


Company 


Address 


City 
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FUTURE MEETINGS OF 


The Electrochemical Society 


New York, N. Y., April 27, 25, 29, 30, and May 1, 1958 
Headquarters at the Statler Hotel 
Sessions will be scheduled on 
Electric Insulation, Electronics (Luminescence and Semiconductors), 
Electrothermics and Metallurgy, Electrothermics and Metallurgy—Semiconductors 
Joint Symposium, Electrothermics and Metallurgy—Corrosion Joint Symposium, 


Industrial Electrolytics, and Theoretical Electrochemistry (including a symposium 


on “Electrokinetic and Membrane Phenomena” 


@ 


Ottawa, Canada, September 25, 29, 30, October 1, and 2, 1955 
Headquarters at the Chateau Laurier 


Sessions probably will be scheduled on 
Batteries, Corrosion, Electrodeposition (including symposia on “Electrodeposition 
on Uncommon Metals” and “Chemical and Electropolishing 
Electronics (Semiconductors), Electro-Organics, 


and Electrothermics and Metallurgy 


* * 


* 
Philadelphia, Pa., May 3, 4, 5, 6, and 7, 1959 
Headquarters at the Sheraton Hotel 


* 


* 


Columbus, Ohio, October 1S, 19, 20, 21, and 22, 1959 


Headquarters at the Deshler-Hilton Hotel 
* * 
Chicago, IIl., May 1, 2, 3, 4, and 5, 1960 
Headquarters at the Lasalle Hotel 
Messen Weens, October 9, 10, 11, 12, and 13, 1960 


Headquarters at the Shamrock Hotel 


Papers are now being solicited for the meeting to be held in Ottawa, Canada September 28-Octo 
ber 2, 1958 Priplic ate copies of each abstract (not exceeding 75 words in le ngth) are due at the 
Secretary's Office, 1860 Broadway, New York 23, N. Y., not later than June 2. 1958 in order to be 
included in the program. Please indicate on abstract for which Division's symposium the paper is to be 
scheduled Complete manuscripts should be sent in triplic ite to the Managing Editor of the Journnat 
at 1860 Broadway, New York 23, N. Y 
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Editorial 


Educational Standards 


Furry years ago many American children went to small elementary 
schools where one teacher, or perhaps two, handled the entire eight-year curriculum. 
The teachers had no college diplomas, perhaps a term or a year in a nearby “Nor- 
mal School,” but, at least ideally, they were sincere and devoted and had the ability 
to handle children. They could insist that the children learn the limited daily text- 
book assignments and give them the opportunity to learn much more. Disciplinary, 
problems were not serious and the teacher had a rather free hand when necessary 


The schoolroom was quiet during school hours; bedlam broke loose at the reces 
signal and the teacher joined wholehear‘edly in the fun. 


The day was not long enough for a full program of classes, and two or three 


grades were combined for each recitation. A pupil could be assigned according to 


his ability. If he were weak in arithmet he could get a review with the younger 


children while trying to keep up in his own class. The Friday afternoon spelling and 


‘ciphering” contests created keen c m} ition and ae resolve to improve The 
ighter pupil could finish the curriculum and be certified for high school in six o1 


seven vears instead of the usual eight 


We 
welcome the present searching inquiries into the alms and operations of the en- 


ire American school system. Many educators and capable public men do not be- 


do not advocate a return to the little red brick school house. but we do 


leve that the schools have lived up to the standards we should expect of them 


Possibly some people raised their standards suddenly when the Russian satellites 


went up. Still, there is no doubt that many children do graduate from elementary 


school and high school without the Know ledge, the rigorous training, or the disci- 


pline which should be the products of acceptable standards. It is even rumored 
that many college students profit more from growing older than from what they 
learn 


Many reasons are given for this unsatisfactory state of affairs, all of them 
probably valid in selected areas. A most important factor, it seems to us, is that th 
school system of a nation reflects that nation’s way of life. If discipline is poor at 
home and on the street, then it must be poor in the schools. If good writing and ac- 
curate arithmetic are unimportant in living, then they are neglected in the schools 
If we were an austere, disciplined, self-denvying people dedicated to something 
like, for example, the maximum attainment of knowledge, then our schools would 
be operated quite differently 


The solution to our present difficulties and desires is not an attempt at quick 
reform throughout the school system, which cannot be accomplished anyway. If 
we decide that more scientists are needed, the short-range solution is to enlarge and 
intensify the effort, which has been made to some extent for many years, to find 
the voung people with scientific ability and interest and offer them inducements 
to study science. Part of the longer-range solution is to encourage more and sounder 
teaching of scientific principle and disciplines at every school level. Efforts are 
being made in this direction, but they can be really successful only if the popula- 
tion as a whole understands and accepts them 
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...Greatly Reduced Clogging | 


Dower 

Cell Maintenance Costs 
Longer Anode Life 


Costly, troublesome clogging of diaphragms due to the oil im- 
pregnant in conventional anodes, is materially lesse ned by the new 
Stackpole “GrapbAnodes.” Ceil maintenance costs are reduced 
accordingly. 

Better results are achieved because Stackpole Graph Anodes 
present a uniform, low-porosity surface to the clectrolyte. The 
graphite is consumed slowly and evenly. It does not slough 
off to clog the diaphragm or contaminate the cell. 

Let Stackpole arrange for a convincing demonstration 
of these new anodes on your own equipment. You be the 
judge—and, by way of convincing proof we suggest that 
you pay particular attention to the reduced frequency of 


diaphragm renewals. 


STACKPOLE CARBON COMPANY 
St. Marys, Pa. 


GraphAnodes 


MAGNIFIED, UNRETOUCHED PHOTO... 
shows uniform structure of Stackpole 
GraphAnodes. The low-porosity surface 
assures that electrolyte will act on the 
surface, not below to cause premature 
anode deterioration and cell contamina- 
tion by droppings of unconsumed graph- 
ite particles. 


BRUSHES for all rotating electrical equipment bd CONTACTS (carbon-graphite and meta! powder types) 
TUBE ANODES * CATHODIC PROTECTION ANODES * VOLTAGE REGULATOR DISCS * WATER HEATER and 
PASTEURIZATION ELECTRODES * BEARINGS * WELDING CARBONS * MOLDS AND DIES * POROUS CARBON 
SALT BATH RECTIFICATION RODS * SEAL RINGS * FRICTION SEGMENTS * CLUTCH RINGS * ELECTRIC FURNACE 
HEATING ELEMENTS * PUMP VANES °* = and many other carbon, graphite, and electronic components. 
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Convection and Film Instability 


Copper Anodes in Hydrochloric Acid 
R. S. Cooper and J. H. Bartlett 


Department of Physics, University of Illinois, Urbana, Il 


l 


ABSTRACT 


In 


the Cu/HC! system, when natural convection occurs, there are two 
steady-state current plateaus. On the first of these (—0.28<V 0.05 copper 
dissolves only in the cuprous form, and the value of the current agrees with 
that predicted by the Tobias theory of natural convection. On the second 
plateau, up to 30% of the copper is dissolved as cupric ions. When the circuit 


s interrupted, the resistance of the CuCl layer decays primarily due to open- 
ing of its pores, the pore area increasing linearly with time. Oscillations are 
found at the anode voltage region below which there is no layer and above 
which the layer can remain on the electrode indefinitely. A kinetic explana- 
tion of oscillations is proposed, and is in accord with the observations 


In the stu of the anodic behavior of Cu in HCl, 


It had previously been a puzzle 


as to what is 
t has been shown (1) that the phenomena of over- responsible for the higher current on the second 
shoot and oscillation, as well as the existence of a steady-state plateau Accordingly, weight-loss de- 


nonzero steady-state current, are only if 


possible 


terminations were made, and showed that a new 


convection is allowed to take place reaction involving cupric ions comes in. On the basis 
The process of convection is a complicated one of a simple model, it now seems possible to account 
and at first sight one might suppose that quantita- for the value of the above-mentioned current 
tive conclusions would be difficult to obtain. Never- Also, previous measurements (3) of the decay of 
theless. progress has been made in the theory (2). laver resistance had not been made for times suffi- 
at least as regards the steady-state behavior. If the ciently short so that one could draw good conclu- 
composition of the convection layer is known, per- sions about the mechanism. This has now been 
haps by deduction from schlieren and other infor- remedied, and it seems certain that the process 


mation, then the rate at which the reaction products which is most important electrically is the opening 
are removed by diffusion and convection may be of the pores 

calculated, and thus the value of the steady-state The mechanism underlying oscillations has been 
current. In the present paper, it is shown that uncertain. Bonhoeffer and Gerischer (4) tried to 
theory and experiment agree well construct a theory in which a Cu.O layer was in- 


The manner of approach to the steady state is 


volved. In the previous work (1), the second cur- 


more difficult to explain, but even here one can at rent-time plateau was found to be much more 
least clarify some aspects of it. Initially the main prominent at lower concentrations, and it seemed 


process is the deposition of Cl from solution to form 


chloride layer, and this has precedence 
Any material which has 


(t 


a cuprous 


until the layer is complete 
been convected downward during this stage 
than 3 o form 
from the bottom However, once the 


lay er 1 


is not sufficient t 
of the 


s complete, or almost so, 


less sec) a stream 


anode 
the current 


is 


the 


refore that the OH ion involved. Subsequent 
observations reveal that CuCl is also deposited dur- 
ing this plateau, and there still is no direct evidence 
Cu.O f even though electron diffrac- 
tion techniques allow the detection of very small 
quantities. The above theory therefore, 
very much in doubt, especially since our observa- 


1S 


for ormation, 


remalns, 


duced by the layer resistance, and the bulk removal tions show the oscillations to be confined to the 
process becomes predominant. The initial thickness boundary region between where a layer exists and 
of the CuCl layer is a function of the plateau cur- where it does not. Hence the present article con- 


If this thickness i: 
state value, one may expect an adjustment to occur 
such that the thickness decreases, with pore area 
constant, and the current will rise from a minimum 
value. On the that the thickness 
creases at a rate proportional to the excess of re- 
moval current actual current, it is possible, 
as will be shown, to account for the shape of the 
time curve after the minimum 


rent 1 greater than the steady- 


assumption de- 
ovel 


current vs 


109 


tains a discussion of how one can expect oscillations 
even in the absence of a Cu.O layer 
-The 
apparatus and methods, as well as the associated 
nomenclature, are the same as described in previous 
studies (1,3,5). These consisted of a simple cell with 
an 0.1N calomel reference electrode and the neces- 
sary equipment for applying and measuring volt- 
ages and currents. Circular anodes (0.02 cm’) were 


Experimental arrangement.- experimental 
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used for the most part, the electrolyte being 2N HC] 


Results 
The Ste 
As may be seen from Fig the steady-stat 
rent-voltage curve is similar in shape to 
gram, having two plateaus,’ 1e., reg! 
current is approximately independent 
The steady state (indicated by the subscript 
usually reached in from 1 to except at 
voltages where the time may 
for i, vs. V, does not depend on 
ternal parameters (E and R), nor 
the initial cur 
The low-vr region 
0.24v is 
the form 


a polarization equatior 


) 
a 


This is the form expected according to the 
rate theory of Glasstone, Laidler, and Eyring 
applied to anodic dissolution of a metal; with 


hese at t to be mfu i wit the irr tir 


1 


the steady 
in 2N HCI 


March 1958 


0.059 


- (Il) 
Za 


where Z is the charge transferred and a is a con- 
stant lying between 0 and 1. Alpha is sometimes 
found to be greater than one, and this has been in- 
terpreted as due to mechanisms involving more 
than one ion (7). The results (Fig. 2) show a break 
in the curve at —0.28 v, corresponding to the poten- 
tial of Cu in CuCl-saturated 2N HC! (1). Below 
0.28 v. b 0.038, and above that voltage b ab- 
ruptly doubles, becoming 0.075. The value for b be- 
low 0.28 v vields a value for a ( 1.55) greater 
than 1, which indicates a mechanism involving at 
least two ions, and thus favors the reaction 
Cu + 2Cl- CuCl, + (IIT) 
as a mechanism rather than direct formation 
ion, followed by complex ion formation 
The f n exactly doubles m 
in both 
value of 
associated with 


The reaction 


reaction, and 


it is the 
anodic film, which was identified 
of electron diff 


electrode. On the first 


(shown weight-loss determin 
steady te, the current is thus accoun 
by the of cuprous ions into 
form of the complex CuCl .,. which 
the anode region by convection 
reasonable val 
the convection 
IS poss ble to calculate 
steady-state current, value f 
maximum thickness of laver, 
s in good agreement with the experimental 
Applicat of conrection 
workers (2) and Wagner (8) have 
oped a theory of natural convection 
trodes and soluble slabs, treating the 
problem in the same fashion as the 
problem of heat transfer. A relation is developed in 
terms of three dimensionless groups, which written 
out in familiar terms is 


0.66 


2FD Ac Qu Ap 


where S is the anode area, » is the average viscosity 
of the solution in the convection layer, and is ap- 
proximately that of 2N HCl (= 10° poise); g is the 
acceleration of gravity; and p is the average density, 
1.045 g/cc 
the bulk and interphase concentrations and den- 


Ac and Ap are the differences between 


sities, respectively. (These two quantities serve as 


» conditior f Wagner that 
is about Acmax and this leads to ‘ depend 


the distance fr the leading edge of the electrode 


- 
110 
5 
~ ~ a 
2 e's 
+4 02 +05 +15 
V (volt /o mcaiome 
Fig Characteristic curve for an unshielded anode 
0.02 cm’) with exposed face vertical, in 2N HCI, showing 
locus of initial current and voltage V f stationary value 
) f current and voltage for the first plateau Vv for tine 
second plateau and for the steady state 
cur- 
Cu + Cl - CuCl (IV) 
the 
‘ ‘ is such a our available evidence 
= ade 
i 0 28 
‘ as CuCl by 
urve 
erved on the 
I @X- 
es of i ior the range 
\ Cu ente the solution 
; elow 
1 of 
V = (I) 
action 
(6) 
ref. (1) 
+ 
oa, 
0090 
| 
25 
5 not met. Instead, \ 
a4 ages for a Cu anode (0.02 cm ence, where —— 


105, No 


driving force of the mass transfer process). F is 
Faraday, and z the valence ( 1 here). The con- 
is that of the CuCl. complex 
bulk phase and 0.24N at the 
if there is saturation in the ap- 
[That the Cl 


to the bulk value can be seen from 


ration ferred te 


solution concen- 


of the steady state (11). and 


from a calculation (Appendix I) which shows that 


even under pure diffusion 


a small gradient 


(about 0.2N across the laver) is 


in Appendix II and the result is 


idered here t 


(V1) 


which vields a value for 4 
trode 2.5 


The Second Steadu-St 


of 0.185 mm, for an elec- 
Electrochem- 
cal experiments show that the increase in current 
above —0.05 v is at least partially due to the forma- 
of Cu’ ions, which go directly into solution 
CuCl laver. Weight loss 
determinations were carried out at —0.02, 0.4, 0.5. 


through the pores in the 
and 0.96 v, and the fractions of cupric ion formed 
were found to be 13°¢,, 29 32°. and 28° 
tively. The first result corresponds to a point about 
0.05 and +0.1\ 
and the following three to points on the 
Thus the relative Cu 


respec- 


half-way up on the rise between 
(Fig. 1), 


second plateau formation 
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reaches a iting value of approximately 30% of 
the Cu lost (equivalent to 46° of the current). 
Since Cu is highly favored in concentrated solu- 
tions of copper ion, one might expect Cu” formation 
exclusively, instead of its being limited to 30% 
However, a closer analysis shows how this limiting 
about. Assume that in the steady 
state th ‘Xists a porous CuCl layer 


area S 


current may come 
with pore 
CuCl occurs 
(IV) at the Cu surface, the Cl 
1 the pores, and that the CuCl layer 

chemical action at the inter- 
and the solution. Under these con- 


production 


according 


irough the pores will be equal 

due to Eq. (IV). Because there is a 
at the an surface the H’ ions (be- 
will tend to mi- 

hen be filled with 

If the concen- 

is uniform (mo- 

on the grounds that 

the end of 


are comparable, 


» sources and sinks at 


nobdbuities, 


respective ions are 


Cu’ and 
he Cu” and 
Using 


nductances ) 


Conway (13), 


41.5 


26 


experimental 
considering the 
ms involved 

the magnitude 
plateau to the 
current due to 
ould increase } 5 mat y 1.2 ma. If 
the added Cu (es- 


molar from schlieren data 


is used 


ers) approximately doubles the 
and consequently inc1 
about 1.4 ma, 
rved value na. However, 
holds for one current-carrying ionic species, 


the reasonably good 


potential By breaking the circuit 


and observing the voltage change one can deter- 
the open-circuit electrode potential and the 
esistance associated with the steady state 

At voltages below 0.05 v, it was found (3) that 
the electrode resistance is small compared to the 
solution resistance of about 14 ohms, and that the 


electrode potential varies, adjusting to the applied 


, 
Vol. 3 
the 
the 
cent 
1On 
: 
Cul 
pro) 
tration is close 
the schlieren photos 
<ufficient to supply 
the steady-state Cl demand.] From solubility data ; 
(9), and using the densities as determined bv Engle 
(10), A, 0.026 g/cm. y is the height of the elec- ditions the ( 
trode, and must be sultably averaged for one with a to the current 
circular Cl! section The precise evaluation is source of Cu PD 
nade eee | — 0.121 cm ing 8 times a 
for the case cons Sis the transport grate out of th 
number of the CuCl. 1on, and may be taken as zero a solution cor : 
nce the CuCl. :on must move against the current tration of the ; 
and it most one-tenth as numerous as the Cl and arity c) wi 
H ions. D, the diffusion coefficient of CuCl. , is esti- there are appr 
mated to be 1x 10° cm’/sec, from the value for sim- the pores and that the =i” Po \r 
ar ions. Putting these values in Eq. (V) one obtains then the currents carried by the ______ 
2.4 ma/cm as the limiting current densitv, which jue only to migration and are a 
falis in the observed range of 30-35 ma/cm’. This is ; 
ar 
ne evidence na ne currel ine plateau eS | } eS Fu E (VII) 
controlled by natural convection of the Cut 
away from the electrode. It is to be noted that this pA : 
dN 
cess is almos entireivy independent of electro- 2eS_F | ) 2eS Ex (VIII) 
chemical influences, being mainly mass transfer i; 
irom a id slab of a soluble material. When the where dN/d s the ion flux and E is the electric 
( cult 1 pened, tnis I cess continue uncnanged fie j I} us the ratio of the currents due 
as long as thers a CuCl layer on the anode sur- Cu formation is equal to the ratio of t | 
face, as is proven by chheren observations. This Cl 10n mobilities (or ionic ct % 
fact, that the removal process is relatively inde- values at infinite dilution from 
pendent of current fluctuations, will prove to be im- : 
portant tor subsequent qgiscussions ot! scillations 
The thickness of the convection layer varies along alae 
the neight I the elect! de, Deing zero at the top and | ff 
maximum at the bottom. The maximum thickness jLu | ju | 
Was ound to De independent of current density compa! 
mce convection had become stabilized. and was of s ver 
rhe rder of 0.02 mm as measured from schliere: mnt 
sump 
photographs (11). This agrees with the recent theo- it n 
retical result of Keulegen (12) for the maximum of tu 
f th 
convection lavel HICKNess secon 
Cu 
pDy 
5. = 3.33 ( ) Fo. (\ 
gAp 
timated t e at t 0.2 ee 
fron 
jen 
the 
the 
only 
that 
Resist eee ‘ 
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voltage. The anode film is so thin or porous as to 
have a resistance negligible as compared to that of 
the solution. The variation in electrode potential is 
due to concentration polarization of the Cl ions in 
the pores of the layer, as was shown for the first 
temporal plateau (1) 

0.05 v the resistance increases with V,, 


For applied voltages above 
while the 
electrode potential remains constant, being in the 
range of —0.05 to —0.03 v. The resistance increase is 
associated partly with the observed (3) increase in 
the steady-state layer thickness (5,). That the elec- 
trode potential remains near the standard potential 
of the Cu Cu” half-cell (—0.05 v) indicates that the 
Cu” is the potential determining ion. A twofold in- 
crease of Cu” concentration is equivalent to a po- 
larization of only 0.01 v, and the maximum solu- 
bility of CuCl, (7M) limits the total polarization to 
0.03 v above the standard potential. Thus, until the 
initiation of a new reaction with a higher electrode 
potential, the electrode potential must remain below 

0.02 v 

Break transients.—The decay of layer resistance 
has been studied previously (3), but most of the 
data were for times greater than 30 msec, when the 
resistance has already dropped to less than one- 
tenth of its steady-state value. To obtain the miss- 
ing information, it was found convenient to use the 
rapid-acting interruption switch (1) to obtain data 
for short off-times. This switch, which was motor 
driven, would operate from 2 to 6 times/sec, open- 
ing the circuit for periods of from 0.4 to 10 msec 
Since the period between interruptions was suffi- 
ciently long for the electrode to recover completely, 
a complete resistance decay curve could be obtained 
during one run. The result for V = 2.5v (Fig. 3) 
shows o«, the conductance of solution plus layer, to 
be a linear function of time in the early stages of 


the decay, namely, 


0.36 * 10 0.241 (IX) 


Extrapolating this to the end of the —0.05 v poten- 
tial plateau (0.29 sec) gives 14 ohms, which is the 
Thus the 
linear relation for o holds throughout the resistance 


de Cay 


value of the solution resistance alone 


It is to be noted that, while the data cover only 
of the time of the decay, this corresponds to 


2 3 4 
1- milliseconds 
Fig. 3. Resistance and conductance vs. time for a break 
trom the steady state (V 2.5v 0.02 cm’ 
in 2N HCI 


Copper anode 


March 1958 
75% of the resistance drop, after which the per- 
centage uncertainty in o becomes high. The fact 
that the layer resistance becomes of the order of r 
(14 ohms) or smaller does not mean that the layer 
has dissolved to any great extent, but rather that 
the pores have widened. Assuming the laver in 
question to be 10° cm thick, then the resistance 
would be 14 9 if the pore area were as much as 
only 1% of the surface. Furthermore the rate of 
solution is not sufficient to dissolve an appreciable 
portion of the layer in the short times associated 
with the resistance decay. The film resistance (r,) 
is given by 


(X) 
«S 

Since 6 cannot change so rapidly and « cannot be 
expected to vary much (in going from 
CuCl, solution to that for HCl) then 
change in r, must be due to variation in S.,, t 
area. Comparing (IX) and (X) one sees that 
creases linearly with time. Therefore 


S,(t) (S 
where k is a constant 


Orvershoot 
Overshoot is defined to be the situation w 
current or voltage passes beyond 


value before finally arriving there 


where the current goes through a 
the completion of a plateau 

Shielded electrodes with no convection display 
no minimum, but rather a monotonically decreasing 
current. Also, unshielded vertical electrodes in low 
acid concentrations (small removal currents) do not 
show appreciable overshoot. Finally, such current 
minima never occur before 3 sec have passed, re- 
gardless of the duration of the plateau. Since this 
is approximately the time required for the initiation 
of convective fluid flow, this type of overshoot ap- 
pears to be associated with the convection process, 
which removes material from the layer 

Several examples, taken with an unshielded elec- 
trode in 2N HCl, are reproduced in Fig. 4. The tran- 
sient in Fig. 4a is typical of those with low applied 
voltages such that the steady state hes on the first 
plateau, between —0.27 and —0.05 v. As the applied 
voltage is increased the overshoot, (1 i ). be- 
comes at first greater, and then smaller, finally dis- 
appearing altogether (Fig. 4d) 

The thickness (4,) of the layer originally formed 
during the first current plateau depends only on the 
value of the current on the plateau (i,), and may be 
larger’ than the steady-state layer thickness (4.) 
which depends only on V,. If there were no convec- 
tion, the thickness would increase indefinitely once 
the pore area had reached its lowest value. Ob- 
viously, if 8, >6,, the steady state will be ap- 
proached only if the thickness decreases due to dis- 
solution of the layer 

The value of 4; is a function of i:, and ranges from 10-° cm at 


low current densities to 10“ cm or less at high current densities 
varies with V and has been estimated (3) to be of the order of 


2 x 10-* em in the steady state 


; 
| 
here the 
idy-state 
For definiteness 
: the f | ] t nfined to the case 
240C 
\ 
2000: 4 20 
2 
600 16 
= 
§ '200 12 8 
f 
400, 04 
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EXAMPLES OF OVERSHOOT 
\9)-Olv 
1503 

°  ¥0 


c) 10Sv 70v 
80a 50a 


30 tisec) 


t (sec) 30 


©) ‘min™ Ymin vorious values of R 


V (volts) 


d) Current vs 
» 2N HC 


imum, assume that the transient 


reached the current minimum through the proc- 
and that sufficient time has 

passed for the solution and removal of the layer by 

convection to reach its steady-state value of 

). The layer will be removed by solution at a 


net rate proportional to (i i), the difference be- 


tween formation and removal, assuming no compli- 
cation due ‘arying rate of formation of Cu’. If 
any Cu : ‘d, its rate of formation may vary 
during the overshoot, and its appearance in solution 
will alter the removal rate of the CuCl. Thus the 
following analysis is strictly valid only for V 

0.05 v, where CuCl, and CuCl are the only reac- 
tion products. The rate of solution of the layer is 
given by 

M(i i) 


pSF 


(X1) 
The layer thickness may be approximated by: 


- (XII) 
pSk 


The symbols 4 lminy and t,,,, refer to those 
quantities at the current minimum. The current at 


any time is given by 
(X111) 


o(t) 
where r 


the layer resistance, and « is the 


open-circuit potential. Combining Eqs. (XII) and 
(XIII) we have the behavior of the current afte: 
the minimum 


CONVECTION AND FILM INSTABILITY 


vs. i to test Eq (XV 
Olv, R 1502, and 
Dota from curve 4(a 


(XIV) 


eS S SF 


According to Eq 


asymptotically 


(XIV) i will increase with time. 
approaching i,. To compare Eq 
(XIV) with experiment it is most convenient to re- 
arrange it to 


Fp«SS 
(XV) 
M 
a + bi, and thus a plot 


must be a straight line if 


This is of the form f (i, t) 
fa ) (t t ) vs 
is correct, and e«, x, and S, are constant 
» overshoot. In the example of Fig. 4a no 
cupric 10n is formed and it may be used as a test of 
Eq. (XIV). The result (Fig. 5) was a line with a 
slope of 4.2 x 10° amp-sec and an intercept of —0.6 
x 10° amp’ sec. a and b can be estimated only to an 
order of magnitude because of the lack of precise 
knowledge of (E — «), x, and S 
v, 10 
these quantities gives a 
5.4x 10 


experiment 


Assuming values of 
and 10* cm’, respectively. 
0.7x 10 
amp-sec, in good agreement with 
Thus the model, which pictures over- 


(ohnm-cm) 


amp’-sec 


shoot as due to the reduction of the initial lave: 
thickness (8,) to a value detefmined by steady-state 
condition, appears to be applicable in certain cases 

Although the model used above based on the 
relative values of 4, and 8, is not quantitatively ac- 
curate in the cases involving Cu” ion, it is con- 
sistent with the observed behavior of overshoot. On 
this model one would expect that the value of the 
minimum current would increase with decreasing 4,, 
for at the current minimum the pore area has 
reached its minimum value, and the resistance of 
the layer is proportional to its thickness. The ex- 
pected result is observed to be the case for R con- 
stant andi 2 ma (Fig. 6), as can be seen from the 
That the trend 
is reversed for i, < 2 ma may be due to the partial 
solution of the layer which takes place (1) during 
the long plateaus associated with the low values of 
i. The dependence of i,,,, upon R at constant i, may 
be related in part to the variations in amount of 
current carried by Cu’: e.g., at i 4 ma (Fig. 6) 
the lowest value of i,,, is for a transient with no 


fact that 6, varies inversely with i 
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Or 
° 
= 
( sec ) 
z d 
; 
° ° 
_ al 2 
Fig 5 Plot of ir — t — tmis 
7 t. ronges trom 6 sec fr 40 sec 
|| Rar max M(i (t — tare) 
b- 
-04 10 20 
Fig. 4. (a time curves for a Cu anode t t } 
2 cm*) ir and E ndicated on each 
graph. le) Curve showing vs. V for vorious volues of 
R_ The steady-state curve vs. V ne) shown. ond on un 
: hielded Cu anode (0 02 cm’) is used, in 2N HCI 
To obtain a quantitative relation for the current 
rise after the 
1) 
| 
+ 


have 
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been 


passive 


200 


observed 


active 


1958 


pled voltages, (Fig. 7) in the region below Cu” ot 
QO. formation and apparently below that for oxide 
production. These oscillations have 


varies in the Cu HCI system from 10 see to 1 min o1 


more, and may continue indefinitely, damp out 


a period which 


cvcles 


cease abruptly after a number of 
1ave the form of relaxation oscillations, 
periods of relatively constant current inter- 
rupted sudden changes. After the current rises 
minimum and approaches the 
may suddenly rise to i,, the 


i 


drop 


il it again becomes 


ady-stat 


Bonh 


‘rimentally for 
experiments wel! rl ob- 
f electrode resistance and po- 


scillations. The results , 8) 


RE SISTANCE 


CURRENT 


50 


ond current 


4 
2 
*) 
bed 9 
: 
toa 
4 current on the first plateau, maz_—~ there for a time 
ml 
; é Pe horter than the duration of the first plateau, and 
\ = fall to a minimum in a manner similar to the Bi 
4 
after the plateau. After passing through this 
i ; bd mum the current rises at a rate more rapid than 
that from the first overshoot, unt 
approximately equal to the value. The 
g me nterval when is denoted by Hioetffer as the 
- } 
Minimur rrent scant an fice? passive phase (Fig. 7), although considerable cur- 
: is valu f the externai resistance R (shown or inv ent flowing. Following the passive period the 
. <-cm, current rises rapidly t (active phase) and the 
t Ir certain cases phase ls 
Ss Cu formed, and the higher values of are as- tinct! eparate, while u thers the oscillations ap- 
ociated with voltage in the range of increasing per- pear aln t nusoidal. Periodic phenomena do not 
; centage of Cu Next consider the limiting case rf appear if the electrode shielded to prevent convec- 
vershoot (Fig. 4d) where the current assumes it tion, but are found in systems with natural convec- 
teadyv-state Value immediately after the current t { ng. The major condition necessary 
? lrop. Th mplies that 4, plus the growth in depth the occurrence of oscillations in this geometry and 
og (1) equal te . the steady-state laver thickness ncentratior s that the steady-state voltage les in 
The limiting cases of overshoot associated with the range of O.27 te 0.25 v, which ts at the begin- 
larger values of correspond to larger values of 4 ning of the first current-voltage plateau (Fig. 1) 
as would be expected if the growth in depth is rela- ins the voltage at which a solid laver of CuCl first 
tively independent of Finallv. with verv hig appears. Subject to this very restrictive condition. 
nitla urrents, and consequently extremely thir ( a ns have been found with any value of ap- 
nitial lavers. no overshoot is observed plied voltage E 0.26 and external resistance 
; R 20. The current fluctuates above and below the 
R 
hie Oscillations steady-state current, and when the potential Is too 
cet. Under certain conditions, with a fixed d-« Voltage low for the production of Cu ions, the average cur- 
=f, applied, the cell current and electrode potential e! Ss exactly (\ 0.26). In any one period 
indergo periodic fluctuations after approaching a he amount of CuCl removed during the passive 
. }Uasi-stationary state whicn s called here the period Wil De equal to the amount de posited during 
f stead\ tate. Such oscillations have been observed the active period When no Cu is produced, this 
Mee and studied by Hedges (14) and Bonhoeffer (4) eans area ‘a’ (Fig. 7) w be equal to area ‘b’, as 
. using large applied voltages (6 to HM v). In this s found expe 
work, oscillations Hill Hl EEE for low ap- Interrupt 
serve the val 
tential during the 
; = 
’ . PEN CIRCUIT POTENTIAL 
4 
; 
= 
af 
> 
52 R= 6002 
4 20 (se 30 40 
Fig. 7. Current vs. time cillations for a Cu anode 0.02 Fig. 8. Open-circuit potential, layer resistance, = 
m in 2N HC v time for a Cu anode 0.02 cm’ in 3N HCI 
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that the major portion of the current 
change is due to variations in electrode resistance, 
while the potential alters by a small amount 


Discussion 


~ natural convection in dete rmining the 


istic has beer 


solid anode 


film. This process is apparently effective in control- 
‘ing the current even in the presence of an addi- 
tional soluble product Convective re- 
moval of the Cu layer also alters the duration of 
current-time plateaus, which has been discussed 
elsewhere (1) 

Overshoot has bee explained on the basis la 
model which assumes the completion of a relatively 
thick initial lave and the subsequent eduction of 


u ( not o ‘ he current directly 
Case Of tne Cull 


ingiv-valent system (involving a moderately solu- 
Ole ait) sucn ‘a Ag H.SO The iifficult ae- 
veloping a singie equation which gives the current 
both before and after the minimum is that there ap- 
parentiv are at least tw distinct processes occur- 

ng. The first process is that of layer formation. 
which usually involves both sideways growth and 


I i iere is only one re- 
action product. The process tending to increase the 
current ts the solution of the layer, which is strongly 
dependent on the removal of the dissolved salt by 
natural convection. The calculation of the steady- 
state configuration of a natural convection laye! 
is a very complicated mathematical problem, and 
that of its development in time is even more com- 


plex, and so analysis from first principles will have 
to await furthe 


An examination of the shape of the 


llatian 
Oscillations 


can yleid important clues as to the processes which 


are taking place. At first, there is a current plateau 


followed by a drop, which has been identified as due 


to the formation of a CuCl layer. The current rises 
from the minimum and levels off. During this in- 
terval the resistance decreases, which is to be ex- 
pected when the layer is being removed. At the 
same time, the open-circuit potential decreases. as 


would be the 
This 
there 
which 


the Cl 


continues rather 


case if concentration should 


increase slowly for a time, 
is a small but rapid change in the 
the Cu 


with concentration roughly 


and then 


potential, occurs because 


surface 1s 
suddenly exposed to Cl 
the bulk value. The 
resistance is probably due to widening of the pores. 
Since the 


simultaneous rapid decrease in 
duration of the active phase is not as 
great as that of the first plateau, it is probable that 
not all of the solid layer is removed. (A similar 
breakdown of the layer occurs for Fe in H,SO 


at 
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the lower limit for stability of the passive layer 
After the minimum, the current rises slowly for a 
and then the potential drops suddenly, 
resistance. Current flows at a high rate. 


time before the 


long time, 
as does the 
and it Is 
stored.) 

It is Variation in 


concentration of Cl, the potential-deterr 


passive layer is re- 
now in order to consider the 
nining ion 
As the CuCl! surface layer is formed. this concentra- 


as 1s evidenced by schlieren observa- 


tions. Upon completion of the layer, « increases 
suddenly and by a large amount, indicating that the 
concentration at the base of the pores has decreased 


al current is now much less. 


the gradient of the anolyte concentration must de- 
crease, and the concentration at the layer-solution 
nterface must increase (to a value about that in 


urrel ‘nsity, however, is presumably 


ist a function of « and stays relatively constant. 
as Goes the gradient in the pores. Consequently, the 


Can no 


iavel 


nger be formed. However, the removal continues 
intl the laver has been eaten away, and the cyck 


tes neither one « which Is perma- 
nently stable The current cannot remain at its 
minimum value because the initial thickness of the 
ave more than needed to maintain a balance be- 
tween the processes of formation and removal. 
when the Cl concentration has reached its steady- 
tate value. After the overshoot, the current can 


layer is being formed to offset th removed 
t lissolution. No new laver can ied below 
\ 0.28v, and it can be presumed that, in a 
imited range above this potential, the rate of for- 
matior s not sufficient to keep pace with the re- 
moval. Under these circumstances, the layer cannot 
stay on the electrode and no steady state is possible 


Hence, sustained oscillations will take place 


The above oscillations represent one extreme 
case of nonlinear oscillations, nam where there 
are practically discontinuous ps between twi 
possible states he other extreme is characterized 
by oscillations which are sinusoidal and of small 
amplitude (15), and has been found with the svs- 


tems Cu KCl and Fe H.SO,. It would 


represents a situation where there is a more delicate 


balance between the two states, but further work is 


necessary in order to elucidate the details 


Summary 


Natural convection, which aids in the solution of 
the layer, causes the appearance of a nonzero 


steady-state current, overshoot, and oscillations 


The steady state two regions 
where the current is independent of voltage. In the 
0.28< V 0.05) CuCl and CuCl 
have been found to be the only reaction product 


Malls, 


is characterized by 
first of these ( 


and the current is in agreement with that predicted 
by Tobias’ theory of mass transfer by natural con- 


The role 
steadv-state curre nt-voltage characte 
demonstrated fi a Cast nvolvir 
this layer to one with thickness determined by the , Le 
steady-state conditions. This model is in general 
jualitative agreement with the experimental re- 
sults, and quantitatively predicts the forn of the concentration at the base of the pores rises to keep 
current rise after the minimum. [Its general quan- pace with that outside, and the value of « goes 
utative applicability is limited by the appearance of down. When it becomes les than -« ees : 
repeat tself 
layer). It should be possidie to investigate overshoot Oscillations occur when the svstem can exist in 
n } ew 
| 
4 
— 
= 
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vection. The removal process is that of a solution of 
a soluble slab, the CuCl being chemically dissolved 
by formation of the CuCl which is 
convected away due to the increased density of the 


solution. The 


complex ion, 


dependence of on anode area and 
on bulk acid concentration, as well as the diffusion 
layer thickness, is given correctly by the convection 
theory 

For V with V 
corresponding to increasing proportions of Cu” ion 


+O.lv. At 


higher voltages the current is approximately 


0.05, the current increases, 
formed, up to a limit of 30 at V 

inde- 
pendent of voltage. The limiting current and pro- 
been explained on the 


portion of cupric ton has 


basis of the mass transfer rate of CuCl and the rela- 


mobilities of the Cu 


The steady 


and Cu ions 

» electrode potential was found to 
conditions holding for tran- 

Cu CuCl. po- 

0.05, « is determined by 


0.05, Cu 


* is given by the 
0.28 V 


the chloride ion polarization. For V 


tential 


is Observed as a product and « is within 0.03 v 
the Cu-Cu 


layer resistance has been found to be due 


standard potential. The decay 


opening of the t 


pores, a process different 


bulk removal of the layer. Overshoot has been ex- 


noting that the 


plained by initial layer thickness 


may be greater than that steady state, and 


current flowing on completion of the 


initial layer will then be less than Convection 


acts to reduce the layer thickness and thus increase 
the current. Using this model it has been possible 

account quantitatively for the current rise afte 
the minimum in certain cases, and to understand 


qualitat ly other features of overshoot 
The oscillations which are Cu HCl 
have been investigated and most phases of 


found in the 
‘illations are understood in terms of events 
ig the ordinary transients 
complete, the decrease of total cur 
increase in anolyte concentration. This 
he pores 
Below the 


formation will cease and the 


drags up the concentration at the base 
and lowers the electrode potential there 
laver 


ritical ] 
critical value 


laver will continue to dissolve until the 


is bare enough for the cycle to begin again 
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ne conves 
ng Fick's law to a stagnan 


This gives 


thickness 


where l is the convection layer thickness 


proximately 0.02 


his gives 
bulk acid ‘tration (2N 
convective actual value 
APPENDIX II 
compute the average cur 
(XIV), it is only 


sary to average the dependence of the current 


order to 

electrode using Eq 

on the anode height (y) over a circle. Since 
as Uy we want 


(2R) 1.08 (2R 


For the anodes used this results in 


j 0.121 cm 
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A Reaction Rate Study of the Corrosion of Low-Hafnium Zirconium 


in Aqueous Hydrofluoric Acid Solutions 


Tennyson Smith’ and George Richard Hill 


Department of Fuel Technology, University of Utah, Salt Lake City, Utah 


ABSTRACT 


Zirconium dissolves readily 


in HF solutions leaving a smooth unpitted sur- 


face. The rate of dissolution of Zr in aqueous HF solutions has been studied 
over a temperature range of 7°-78°C using a radioactive tracer Zr The rate 
vas found to be directly proportional to the un-ionized HF concentration. In 
der to control the equilibrium concentrations of un-ionized HF, HF, H’, and 


tr t 


tal 


1e solutions contal 
KF r 


nm 
} UN-I10F 


a 


H cr, RY 


discussion the Zr 


complex 


nea ano 


HF concentration, 


K 


ther t such as HCl, HNO,, 


the inde- 


componen 


rate was 


. or CIO. concentrations over a wide 


of ions in solution is given. The gaseous 
product of the reaction between Zr and aqueous HF with HC] is H» When 
HNO, is used in place of HCl the gaseous products are H, and N.O. The diffu- 
sion of un-ionized HF from the bulk solution through a diffusion film to the 
olid surface is postulate d as the slow step. the ene rgy of activation being 3.3 
kcal/mole. At 25°C the rate constant for the case of rapid stirring is 5.19 
10° g cm * min moles HF liter 
The wide interest in research and development of The isotope Zr“ with a half life of 65 days, emits 
Zr is a result of its favorable properties as a con- a 8 particle to become Nb“, the Nb“ emits a 0.73 
struction material in nuclear reactors. Some of these mev y and then a 8 particle to become stable Mo. The 
properties are: low neutron absorption cross section iecay scheme is more complicated than this, but the 
f 0.18 barn: corrosion resistance to acids, bases, fairly strong y rays can be detected easily with a scin- 
and water; ductility and ability to be fabricated tillometer. Specimens were tested for uniformity of 
The literature consists of reports concerned pri- activity by taking samples at various depths through 
narily with corrosion rates useful as engineering the specimen thickness and measuring the activity 
jata. This work was undertaken to study the cor- of each sample with the counting equipment. The 
sion of Zr from a fundamental point of view, Le activity proved constant within experimental erro: 
to determine the mechanism of the corrosion of Zi through three-eighths of the specimen thickness 
in acid solutions. Two systems have been studied; from either side, then rose to a maximum at the 


in HF solutions, which is reported in this paper, 
and Zr in H.SO, solutions which will be reported in 


a later pape! 


Baumrucher f 


t ot 


(1) studied the possibility using 


dissolution of Zr by HF for analysis of diffusion 
specimens requiring handling by remote control. A 


rough estimate of the activation energy from runs 


atures by Baumrucher is 4 kcal 


le 


made at two tempe 


to 


mole, as compared 3.3 kcal/mole reported here 
He 
Z1 


he made all of his runs at one concentration and did 


relation between the weight of 
dissolved and time, 


found a linear 


also as reported here. Since 


not report rates of stirring of the solution, no fur- 


t 


her correlation could be made 


Experimental 

The Z 

Commission were 5 cm x 5 cm x 0.32 cm. Four sam- 

ples were irradiated to an activity of 10 millicuries 

each. The irradiation was accomplished by neutron 

bombardment at the Oak Ridge National Labora- 
tory 


i 


samples supplied by the Atomic Energy 


Present address: Atomics International, Canoga Park, Calif 
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center. The activity at the center was about twice 
hat at the surface. Only the outer part of the spec- 
imen was used in these runs 

In order to detect any change in the true surface 
the 


area, control runs were made periodically as 
specimens were used. Since the rate of reaction 
mained constant within experimental error, unde! 
the same experimental conditions each time, It was 
concluded that the ratio of the true to the apparent 
surface area remained constant 

The AEC supplied the analysis (Table 1) and the 
following history with the samples. The Zr 


ic 


was 
Table |. Analysis of zirconium samples 


Concentration of contaminants in parts per million 


Si 
Sn 
Ti 


80-100 
0.5 
1.0 


Fe 
Mn 


Co 10.0 100-200 20 
Cr 50.0 N 48 Zn 50 


50.0 Mo 


20.0 


5 
50 


pendent of the HF . 
— 
Hf a 300 50 
B 20 20 
Cd 4) 30 50 
Ca 30 
Me Pb 
| 
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polvethylene used as a manipulator. It allowed the 


radioactive sample to be tran red from one cel 
another without exposing 
container was made all 
OxVgen, or a! 1 could be 


with the tion in order 

oxygen partial pressure on the 

Lead was also ( round the 
unit (Nos. 10, 11, 1: o lowe! 


background 


made con 


(toluene 


used 

illomete 
fabricated tron | double-ar 
account 


They re then rged at 1800°F. blasted 


remove oxide sl ld-roll t 
Was detern 


about 25 reduction, na 
standard before 
ll (No 
sample cell 
140 m nd the rest of 


160 ml, making a total of 900 


COMP! Wi n n I 
Reactant Solutior 


requirements due 

ample radioactive, ! snieided ichiometrh 
Kec} the back- 


count to minin 1. Since HF. H.SO.. and served dissolution 
were t used, a material re ant oe ' Rate/ (HF) 
are given in Table Il 


needed ivethvlene ni 
The tem cul f the sol Table 11. Observed rates of dissolution of Zr at 33° and 34°C 


well 
with stirring 1200 rpm 


be controlled and nun 
indicate the appal 

a temperature 

ell and the constant tempera 


rature in the cell remained con 


Was approxi 
hy 


‘ 


had an inle nd outle 

could be 

bath (No. 5 Fig rough a scintillation coun 

unit (Nos. 10, 11, 12, Fig. 1) and back to the 

with the help of the airlift pump (No. 7, Fig. 1) 

the purpose of clean i 1.25 HNO 

ng and storing the sample. Although Fig. 1 is n l 52 HNO 

ale, it gives a close description of the way each ats 52 HNO 275 
52 HNO Rate 


The other cell shown was for 


art of the equipment was arranged relative 
each other part The container for the reaction cell 
made of Lucite and was surrounded by lead per deat + ‘ 

Number 4, Fig. 1, is a rod covered with 


118 
4} + 
maintained 
; to test the « 
scintillation 
' The sample cell (No. 10, Fig. 1) was placed in a 
specially filled with scintillation 
— > +\ rhis container was attached to a 5 in. diameter Du- 
[ mont photomultiplier tube No. 6365. The Dumont 
~ 
‘ tube was connected to a preamplifier which was in 
y » — eries with an amplifier, scale count rate com- 
puter, and recorder in that order. As the solution 
— containing the radioactive Zr” passed through the 
z ct a permane nt ecord of the activity was made 
F hematic diagram of the apporatu zirconium on the recorder. To determine the weight of Zr dis- 
4 monipu olved in the solution from the counts per minute 
‘ ’ is read on the recorder at any given time, a stand- 
¢ ‘ ior ting ard was n ade for each specimen This Was agone DV 
tube 3, preamplifier 4 amplifier; 15 ler 6 1 taking a small representative sample from each 
rder anting rat mputer . 1 SF ing ‘not pecimen, weighing it, dissolving it in HF solution 
n ir tor Ler re stor rent 
were and piacing it In a po vethviene bottle the same 
for circulating the solution through 
(No. 10, Fig. 1). A correction 
Bai) for anv change in the efficiency of 
. ment, or the activity of the speci- 
to 
the radiation 
7 fter each run 
' 1) held 600 ml of 
tne scintillometer ) 
Py, t of the system con- 
, The equipment had t 
ts 
c concentrations, the concentra- 
i hydrofluoric acid, (HF)... and 
3 mole of hydro- 
a 
the: of the runs at 
a 
the e ial 
quirement 
aa tion nad te 
and 22 in F 
tween the ! 
St } et nm M t HF 
ture bath, the ten: - 
tant within +0.1°C rir 
T . HF Othe HF 
mately 11 ¢m lor i 430 
3.57 
4.12 
4.02 
3.40 
4.12 
4.49 
4.40 
2.84 
10 
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undissociated HF, fluoride and hydrogen 


iMuoride ions were calculated by interpolating and 


constants from the fol- 
lowing data of Broene and deVries (2 


Temperature°C 12 15 25 35 
HF = H’ + F K, « 10 83 7.9 6.7 5.6 
3 


With foreign acids present and in very dilute solu- 
ions, fluoride and hydrogen bifluoride ion concen- 


rations are small, and, in some cases, difficult t 
values were estimated until it be- 
ame obvious that they bore no relation to the rats 
At 0°C the activity coefficient for (HF) IS @s- 
itially unity to 0.1M HF, increasing to 1.06 at 1M 

Similar values are to be « xpected at higher 
empt was made to substi- 
tute the activity for the concentration of HF. Whil 
e concentrations of H ion and accompanying 


(NO, , Cl, F HF,, ClO, ) ions were varie 


> 
wide range, the values of, Rate 


over a 
(HF)... remained 


essentially constant. It was concluded that at con- 


stant temperature the rate is a function of nothing 
but the HF concentration 
Results 

Stirring effect.—Figure 2 shows a pronounced ef- 
fect of stirring on the rate, with a leveling off above 
2,000 rpm. This is typical for transport-controlled 
heterogeneous reactions, with the type of stirring 
used; the rate is proportional to a fractional powel! 
of the rpr The absolute velocity of the solution 


past the Zr sample was not measured 
Effect of various ions on the rate.—Analysis of 32 


runs at about 33°C (rpm 1200) gave an average 
value for the Rate/(HF) 


9 
per mole 


as 4.11x 10° g cm~ min 
with or without the use of foreign 
acids. The average error is 0.46x 10° g cm~* min 
per mole liter 

As shown in Table II, a run made in 1.52M HNO 
gave a rate of 3.2x 10° g cm~* min‘ which was ap- 
preciable when the most dilute HF solutions were 
used. It is concluded that the variations in the 
Rate/(HF),, are due to a combination of experi- 
mental errors, error in calculating the concentra- 
tion of (HF) 
HNO,, etc 


Effect of hydrofluoric acid on the rate. 


In some cases, lack of correction for 


A plot of 
all the rates at ca. 33°C and 1200 rpm vs. the con- 
centration of (HF),, is given in Fig. 3. The circles 
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a we ‘ 
Fig. 3. Relationship between the equilibrium concentration 

of un-ionized HF ond the rote of dissolution of ae 33 Cc 
m 1200 


are experimental values, the curve is drawn with a 


slope of 1 on the log-log scale, corresponding to a 
first order reaction with respect to (HF) These 


are initial rates determined from the slopes of plots 


of g (Zr dissolving) per cm* (of surface area) vs 
time 

Effect of oxygen on the rate—lIn order to deter- 
mine the effect of oxygen on the reaction rate. a 
number of runs were made with a Zr, aqueous HF. 
HC] system in which the partial pressure of oxygen 


in equilibrium with the solution was varied. The 
Oxygen partial pressure ranged from one to zero 
atmospheres in a series of experiments, the partial 
pressure being varied by mixing oxygen with pu- 
No variation in the rate was observed 
as the oxygen partial pressure was changed from 


nto run. The 


with air to pump the solution 


remainder of the runs were made 


Effect of temperature on the rate.—Figure 4 is 
an Arrhenius plot; the circles represent the data 
tabulated in Table III and the line is the best eve fit 


ol 


these points. The symbol k is the rate constant 
defined by k R/(HF),.. where R is the rate in g 
cm~ min” and (HF),, is the concentration of un- 
ionized HF in moles/liter. All of the runs in Table 
III were made with stirring greater than 2000 rpm, 
where the stirring effect had reached its limit. The 


Fig. 4. Plot of In k vs. 1/T 
efficient of the rate constant, (rpm 


showing the temperature co 


> 2000 


-- —-, 
o* 
= 
‘ 
2000 3000 2 
- 
rig. 2 Relationship between the rote ¢ tirring in rpm and . 
ent ‘d utior Zr The m ority HE is 0.00613 
ndH 50M: T. 33°C 
_* 
— 
8 
4 
x.) 


120 


Table Ill. Variation of the rate constant with HF concentration” 
and temperature, (rpm > 2000, (HCI 0.5-1.5 


HF nk °c HF Ink 


6.0 0.0005 5.42 24.0 0.050 5.22 
7.0 0.0005 5.69 25.0 0.0005 5.34 
7.0 0.0010 5.58 . 0.0050 5.30 
7.0 0.0050 5.40 25.0 0.0050 5.11 
7.0 0.050 5.69 35.0 0.0005 5.15 
7.0 0.050 5.85 35.0 0.0050 4.96 
7.0 0.50 5.84 35.0 0.50 5.02 
7.5 0.50 5.76 37.0 0.050 4.99 
7.5 1.00 5.71 38.5 0.0005 4.96 
85 0.50 5.68 55.3 0.0005 4.73 
9.0 0.050 5.66 55.0 0.050 4.81 
9.0 0.50 5.43 65.0 0.0005 4.00 
11.0 0.0090 5.48 71.0 0.0090 4.50 
15.0 0.050 5.43 73.0 0.0050 4.2 
2 0.0090 5.16 78.0 0.0090 4.35 


HF it (HC 0.5M or greater 


temperature coefficient is seen to be small; the ac- 
tivation energy was calculated to be 3.34 kcal/mole 

Reaction products.—There has been some ques- 
tion as to whether the majority of the Zr complex 
ions in aqueous HF is ZrF,, ZrF,, or ZrF 
tative determination of the complex ions in solu- 
tion can be made as follows: let A be the initial 
concentration of HF and X be the moles of HF pe 
Consider the 


A quali- 


liter that have reacted at time t over- 


all reaction: 
bHF — ZrF + 2H 


Zr + (4 b)H + 


fluorine atoms 
The numbe! 


liter that have reacted at time 


where b is the average number of 
associated with a Zr atom in solution 
of moles of Zr per 
is just X/b. Since 

Zr enters the solution is measured and not the rat 
that HF is depleted, the rate equation Is written, 
R d(Zr)/dt = k( HF) k(A—X) d(X/b)/dt 


Although b varies slowly with X, if one makes the 


in the experiments the rate that 


e 


that b is constant, and makes the 
well-known integration of the first order rate ex- 
pression, one gets: In(1l — X/A) bkt if X 0 at 
t - 0. The In (1— X/A) plotted vs. t gives a straight 
line only with the proper choice of b, 


approximation 


and therefore 
A plot of the 


various choices of 5 Is given 


uggested a method of evaluating b 
In(1 X/A) vs. t for 
in Fig. 5. It is seen that a choice of b ~ 3.3 gives a 
straight line. However, rather than remain constant 
as was assumed, b must decrease as the HF is used 
up. This is by the 
constants at 25°C reported by Connick and McVey 
(4) 


shown following equilibrium 


Zi + HF =ZrF” +H K 6.3 x 10 
ZrF" + HF =ZrF."* + H K 2.1 x 10° 
ZrF." + HF =ZrF, +H K 6.7 x 10 


Consequently, the concentration of ZrF,, ZrF,, o1 
ZrF. must be very small in this particular solution, 
the majority of the complex being ZrF,’. Plots simi- 
lar to Fig. 5 for runs in which higher concentrations 
of HF were used showed a shift to higher values of 
b as was expected. For example, a run with an 
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« re 
- re 
- 
~™ 
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Fig. 5. Curves to determine the c ct formula for the Zr 
mplex n in solution 


0.009M in HF, 0.5M in 
ion and at 71°C gave b 4.5 


aqueous solution hydrogen 


Gas samples for the reaction of Zr in aqueous HF 
analyzed by infrared spectroscopy and 
an Orsat gas analyzer. For the system Zr, 
HF, and HCl, only H, was detected. For the system 
d HF, and HNO,, H, and N.O were de- 


tected, the majority being hydrogen 


were with 


aqueous 


Zr, aqueous 


Comparing the 


amount of gas evolved with the weight of Zr dis- 


solved showed that just 


enough H’ ions were re- 
duced to oxidize Zr to the 4 state 
Discussion 
The following observations have been made: The 


amount of hydrogen evolved is that which is ex- 
pected if Zr is oxidized to the 
reaction is: Zr + (4—b)H 

or Zi 4HF ZrF 2H (4—b)F 
excess H’ ion is available. The reaction is first orde 
with respect to un-ionized HF. The rate 
drop off at high HF concentrations as might be ex- 
pected if the slow step was one of adsorption. The 
influences the 


stirring rate greatly 


rate of reaction, 


but does come to a limit as shown in Fig. 2. The 
for the is 3.34 kcal/mole 


activation energy reaction 


From Fig. 2 one 
rpm the 


above 2000 
nated as the 
The 
is very similar to that for 
recorded by King 


would expect that 
diffusion step would be elim) 
However, this is not necessarily true 
ffect of stirring, in Fig. 2, 
the dissolution of Fe in solution 
(5). It 


tablished very close to the surface, the thickness of 


would appear that a diffusion film is es- 
which reaches a limit as the turbulence in the bulk 
(6-8) has 


been made concerning the nature of such a bound- 


liquid is increased. A great deal of study 


ary layer 

Assuming the diffusion of un-ionized HF across a 
boundary layer of thickness 4 to be rate controlling, 
a comparison of the rate equation with Fick's first 
low (S1C), for the case of steady state, can be made 

Consider the equations: —d(HF)/dt = bk( HF) « 
and —J = Ddc/dx, where J is the flux (mass passing 
unit area per second) and dce/dx is the differential 
concentration gradient at the plane the particles are 
diffusing across. The term d(HF)/dt is the moles of 


. 
* The stoichiometric HF concentration is essentially equal & 
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HF reaching 1 cm’ of the Zr surface/sec. Then, through an effective diffusion layer to the metal 
J d(HF)/dt and bk( HF) Dde/dx. Assuming surface 
D to be a constant, it follows that the concentration 


Manuscript received March 22, 1956. This paper was 


gradient dce/dx is constant, since J is constant fo prepared for delivery before the Cleveland Meeting, 
steady state. Therefore, dc/dx can be written Ac/Aa Sept. 30-Oct. 4, 1956. 

or (c —c,)/8, where c is the concentration in the Any discussion of this paper will appear in a Dis- 
bulk solution, c, is the concentration at the metal nnn d ge to be published in the December 1958 


surface and 6 is the boundary layer thickness. Since REFERENCES 
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Metal-Water Reactions 
Vi. Kinetics of the Reactions of Water Vapor with Strontium and Barium 
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ABSTRACT 


Strontiun 


and barium were reacted with water vapor and the kinetics 
determined in the temperature range 40°-66°C for water vapor pressures fron 


17.5 to 92.5 mm Hg he stoichiom 


try varied according to the reaction condi- 
tions. For the strontium reactions the products were H. and Sr(OH For 
vapor pressures below 44 mm the products of the barium reactions were H 
and Ba(OH). while for pressures above 44 mm they were H. and Ba(OH).-H.O 

Manometric and gravimetric methods were employed in the kinetic studies 


Both the Sr and lower vapor pressure Ba reactions followed the parabolic rate 
law. At highe 
energy of —5 


r pressures the Ba reaction followed a linear law. An activation 
2 + 0.2 kcal/mole was found for the Sr reactions. The activation 
energy for the Ba reactions was found to depend on reaction conditions 
Higher temperature studies of the reactions between water vapor and Sr, 
Ba, and Ca indicated that in certain temperature ranges above 100°C complete- 


lv protective coatings were formed similar to those observed in the oxidation 
f Alor Cr 


The kinetics of gas-metal reactions involving N.. products, the rate was followed by observing the 
O., and H, have been studied for many years and evolution of H, and/or the weight gain of a speci- 
numerous references are available (1). In recent men of the reacting metal as a function of time 
years there has been interest in reactions between Conditions of temperature and water vapor pres- 
metals and water vapor. It has been shown that sures were regulated carefully to determine thei: 
lithium (2), thorium (3), and calcium (4) follow a effect on the rate of reaction. 
logarithmic rate law and that magnesium (5) fol- . 
lows the linear rate law Experimental 

Strontium and barium were studied in order to Strontium and barium rods were obtained from 
compare the other alkaline earth metals with cal- the Mackay Company of New York. Spectrographic 


cium. Because of the nature of the reaction and the analysis showed that the impurities totalling ap- 
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proximately 1‘, occurred in the Sr mainly as a 
mixture of Ca, Ba, Mn, Mg, Fe, and Al; in the Ba, 
l occurred mainly as Sr, Mn, Fe, Mg, and Al 
Cylindrical specimens of the metals were prepared 
in the manner described (4) for Ca. Because of the 
greater reactivity of Sr and Ba, special care was 
required in handling and transporting the speci- 
mens in their final prepared form from the con- 
trolled atmosphere box, in which the machining 
was done, to the reaction apparatus. Flushing the 
apparatus with purified argon or helium prevented 
contamination with atmospheric CO,. The apparatus 
used in this work has already been described (3, 4) 


ilts for Strontium 


reactions between Sr and water vapor were 

ied out in the temperature range 40°-66°C and 
water vapor pressures of 17.5-92.5 mm Hg. During 
some of the kinetic experiments careful measure- 
ments were made of the amounts of Sr and H,O 
consumed and the amounts of Sr(OH), and H 
formed. As a result of these measurements, which 
attained a precision of +1‘, the stoichiometry of 
the reaction was established to be according to the 


equation 
Sr + 2H,O— Sr(OH), + H 


The uniqueness and the identity of the products 
were determined by chemical, x-ray, and mass 
spectrometric methods 

The weight of water consumed in mg H,.O/cm‘* of 
Sr was plotted against various functions of time in 
order to determine the rate law. In all cases, the 
data indicated that the reaction follows the para- 
bolic rate law more nearly than any other law 
Several plots of the reaction data obtained at vari- 
ous temperatures and a water vapor pressure of 55 
mm Hg are shown in Fig. 1 

The rate constant k, [mg H,O/cm’Sr)‘hr] was de- 
termined for each reaction condition. A plot of k 
vs. temperature is shown in Fig. 2, where the k’s 
obtained at different but constant water vapor pres- 


142 VP= 55mm Hg IN ALL CASES 


2s,)* 


(mg H 50 /cm 


10 20 3 40 50 70 80 90 110 120 
T (mins) 


Fig. |. Parabolic plots of strontium-water vapor data at 
55 mm weter vapor pressure in the low temperature range 
41°-66°C 


CONS TANT 


RATE 


TEMPE RATURE 
f temperoture 


vapor reoctior 


re plotted against 
indicated, the valu. 


the ¢ 


reased as the temperature in 


96°C the rate constants of the 
Hg water vapor pr 

ident of temperature 

rhenius plots were made fo: 


the temperature dependent range 
linear with positive slopes, 
negative energy of activation 


tivation energy was inde} 


pressure and had a value of 


Results for Bariun 
The reactions between Ba and wate! 
observed in the temperatu 
water vapor pressures of 
Hg. Two different reaction stoichiometries were 
served. These were established by measuring 


liquid water consumed and the hydrogen formed. in 


addition to x-ray diffraction analysis of the solid 
product. For water vapor pressures of 17.5 and 32 
mm Hg, the stoichiometry is according to the 
equation 


Ba + 2H.O ~ Ba(OH),. + H 


At water vapor pressures of 55 and 92.5 mm Hg the 
stoichiometry is according to the equation 


Ba + 3H.O— Ba(OH),-H.O +H 


Both manometric and gravimetric procedures in- 
dicated that the reactions at 17.5 and 32 mm Hg 
pressure followed the parabolic rate law. Mano- 
metric reactions at 55 and 92.5 mm pressure did not 
follow any of the known rate laws. The general pat- 
tern of these reactions is shown in Fig. 3. When the 
reactions were observed in the gravimetric appara- 
tus (3) at 55 and 92.5 mm Hg, after an initial period 
of very rapid reaction rate during which time no 
law was determinable by the method available, the 
kinetics approached the linear rate law. A typical 
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t of the gravimetr Jdoto tor the borium 

wot apor dot btoined ot 55 mm woter vapor pressure 

snd 4 Cc th sta cot 55 mm ond 925 mm oand ther 

temp. ine ‘ w the am senero! pottern as 


gravimetric reaction is plotted in Fig. 4. It is si 


nificant that flaking occurred after 4 or 5 min in the 


reactions at 55 and 92.5 mm Hg water vapor pres- 
sure 

The vapor pressure at which water combines 
with Ba(OH). to form the monohydrate is 44 = 2 
mm Hg. This was measured by following the weight 
Ba(OH). in contact with 
water vapor at known pressures. It was also shown 


gained by anhydrous 
hat formation of the octahydrate also takes place 
in this vapor pressure range, but only after all of 
the anhydrous Ba(OH), has been converted to the 
monohvdrate 

The rate constants for both manometric and 
gravimetric reactions are plotted against tempera- 


ure Or 


reaction in Fig. 5 and 6. Arrhenius plots of 
the data for the reactions at 32 mm in the tempera- 
ture range 41°-56°C indicated an apparent activa- 
tion energy of —5.1 + 0.3 kcal/mole. At 17.5 mm the 
apparent activation energy is zero. Similar plots of 
the linear data for the 55 mm reaction indicate no 
linear relationship in the temperature range 41° - 
56°C: so, no activation energy was deduced. If such 
were possible, however, it would be negative in 
sign. The data at 55 mm from 56° to 66°C give a 
linear plot and the activation energy is 9.5 + 1.0 


kcal/mole 


32mm He 


Isr 
= > Hg 


46° sr 56° 6'° 66°C 
TEMPERATURE OF REACTION 


Fig. 5. Effect of temperature on the rate constants of the 


borium-woter vapor reaction where kinetics ore described by 


lic rate law. Data were obtained manometrically 
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Fig. 6. Effect of temperature on the rate constants of the 


borium-woter vapor reaction where kinetics are described by 


cote law. Dato were obtained gravimetrically. The 


High Temperature Reactions of Ca, Sr, and Ba with 
Water Vapor 

Calcium, strontium, and barium reactions were 

carried out at higher temperatures in an apparatus 

imilar to the one used above but modified to permit 


higher reaction temperatures. The reactions were 


ry 


carried out at vapor pressures of 25+1.5 mm Hg 


It was found that in certain temperature ranges 
these reactions would start and then apparently 
stop, due to the formation of protective coatin 


Lil > 


similar to those involved in the air oxidation of Al 
or Cr. In all the reactions described below, in which 
there was a protective coating formed, the hydro- 
gen pressure increased steadily for about 15 min 
after the initiation of the reaction and then the in- 
crease stopped. No further evolution of H. took 
place, even after 5 hr of contact between the metal 
specimens and water vapor 

It was observed that for Ca the reaction was of 
this type in two temperature ranges, one from 100 
to 255°C and the second from 400° to 500°C, above 
which temperature no observations were made. The 
reaction below 100°C is that reported by Svec and 
Apel (4). The reaction rate as determined mano- 
metrically went through a maximum at around 
85°C and then apparently decreased to zero at 
100°C 


tween 255 


Similar behavior was again observed be- 
and 330°C. From 330° to 400°C the re- 
action was approximately the same as described by 
Gibbs and Svec (6). The differences of temperature 
range described here and those obtained in the 
earlier work are probably due to the fact that the 
Ca used in these experiments was the redistilled 
material (4) prepared in the Ames Laboratory of 
the A.E.C., while that used by Gibbs and Svec was 
ordinary commercial metal. 
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In the 100°-250°C range, the specimens main- 
tained their original shiny, metallic luster. In the 
400°-500°C range, the specimens were covered by 
a thin whitish coating. X-ray diffraction studies of 
the protective coatings in both upper and lower 
regions indicated the presence of Ca, Ca(OH),, and 
CaO with possible small amounts of CaH, at the 
higher temperatures. The x-ray lines were very 
sharp compared to those produced by the reaction 
product formed at temperatures below 70°C (4) 
The presence of strong lines due to Ca reflections in 
the x-ray diffraction patterns was taken as a priori 
evidence that the reaction product coating was very 
thin, although no attempt was made to measure its 
thickness 

Reactions involving Sr and Ba showed only one 

range for each metal in which the 

completely protective type of coating was formed 

For Sr this range was 175°-375°C while for Ba it 

was 100 -400°C. The upper limit in both cases coin- 

cides with the mp of the respective anhydrous hy- 

droxides. Both Sr and Ba specimens maintained 
metallic appearance 


Discussion of Results 


The separation of the reactants in the metal- 
water vapor reaction by the solid product indicates 
some diffusion process must take place within the 
coating. In both the Sr and Ba reactions, under each 
set of conditions, markers, which were small chips 
of Mg incorporated into the metal surfaces during 
the machining of the sample, stayed flush with the 
surface of the coating being displaced from the S: 
and Ba metal after reaction by a layer of hydroxide 
This is strong evidence that inward diffusion of 
some species takes place in both reactions. Similar 
observations with marker experiments have been 
made for the reactions of water vapor with Ca and 
with Th which follow a logarithmic rate law. The 
same observation was made in marker experiments 
with the Mg reactions although it was expected 
since the rate of reaction is linear. These limited 
observations suggest that inward diffusion of some 
species may be a general characteristic of water 
vapor-metal reactions. Experiments with less active 
metals than the alkaline earths will be necessary to 

rd these phenomena microphotographically 

A comparison of the reaction rates of Ca, Sr, and 
Ba cannot include the Ca reaction because of the 
logarithmic nature of the kinetic law. However. 
comparison of Sr and Ba at 17.5 mm and 32 mm 
water vapor pressure where both reactions appea! 
to be parabolic indicates (Fig. 5 and 2) that Sr is 
more reactive than Ba, which is contrary to gen- 
eral observations and expectations. This apparent 
difference based only on manometric data might be 
explained on the basis of hydride formation. How- 
ever, comparison of gravimetric data still indicated 
that the Sr reaction is faster than the corresponding 

reaction. No evidence for hydride was obtained 
by x-ray diffraction analyses. No reasonable ex- 
planation is apparent at this time 

In an exact comparison of the gravimetric with 
the manometric data, some difficulty was first ob- 
served due to the change in size of the cylindrical 


specimens for the two types of experimental con- 
ditions. In order to gain greater sensitivity in the 
manometric experiments a larger sample was used 
All data were consistent and reproducible as long 
as the size did not change appreciably. In the 
metric experiments the diameter of the 
specimens was about ‘2 that of the manometric 
samples. Despite the fact that no changes were 
made in tool position on the lathe used to prepare 
the samples, the data, which were again consistent 
and reproducible, indicated a rate of reaction highet 
than in the manometric experiments. Comparative 
data between the two types of experiments wert 
obtained only after experiments were made using 
samples with similar dimensions 

The assumption was always made in the 
a reproducible surface was obtained by c! 

rol of the machining operations. Reaction 

1 1n weight of H,O reacted/cm 

were assumed to be minimum rates. Now it appears 
that in order to reproduce a machined surface, th 
dimensions of the machined specimen must be com- 
parable. This is probably related to the exact 
to-metal angle which changes as 
machined bar is reduced. As the 
creased, the surface roughness 
causing an increase in available 
was fortuitous that during the Li(2), Ca(4), Th(3). 
and Mg(5) work the specimen size was kept con- 
stant, thereby accounting for the consistency of 
these data 

The apparent negative activation ener 
for the Sr reactions can be explained 
manner as that observed for Ca(4) as involving a 


heat of desorption. Except for the change 


Ca throughout the temperature range in whi 
netics were studied. In the heterog 

of concern here, this presumes tha 

equilibrium exists in a chain of reactions 

then followed by a slow, rate-governing reaction 
For example, if the equilibrium involves some in 
teraction of H.O vapor with the surface, one 


write 


K 
H.O,,. +S H.0O-S 


where K., is the equilibrium constant and S some 
property of the surface. The slow step might then 


follow according to some relationship as 


d(H.O) 
k[HO-S 


at 


d(H.O) 
k K..[H.O,..][S] (111) 
dt 

If the value of K,, is temperature sensitive and de- 
creases in value sufficiently to make the product 
k-K,., become smaller as the temperature increases, 
then the apparent activation energy, computed from 
the Arrhenius relationship, becomes negative. This 
condition is attained when the forward reaction in 
(1) is slower than the reverse reaction. In the case 
of water vapor-metal systems it involves desorption 


in rate 
lay t I I tte t that of 
or 
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The 


served for 
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observed 


That 


reactions 


molecules from coating surface. 
in oxidation 
is probably due to the d 


of the adsorption compared 


been 
N 


character 


ifference 
to 


or 
in 
molecules 
activation ob- 
the Ba reactions are also explainable as 
involving heats of desorption. The value of 
mole found for the 32 mm Ba reactions indi- 
cates that the processes in this and the Sr reactions 
The apparent zero value for the activa- 
17.5 mm is similar to the same Sr: 
tion at temy 51°C and can be 
explained on the basis of a change in the predomi- 
If the 


equations (I) and (II) are decreasing 


apparent negative energies 
5.1 


keal 


are similar 


tion energy at 


reac veratures above 


nant character of the rate-limiting processes 
constants in 
creasing at such a rate as to make their prod- 
fixed value, the 
1 appears to be independent of temperature 
further, the 
increases in value and the apparent activation 
This was observed 
to 66°C. It 


of a 5 kcal 


and i 
rate of reaction 


As 


product 


remain at a 


temperature increases 


ry should become positive 


reactions from 56 is Slg- 


t mole 


that 


activation ene! 
Ba-H.O reaction 
) reaction (5) at 425 -500°C and 208 
de = 


nm 


is the 


lineal Same as 


Mg-H.¢ 


+ 2.7 kcal/mole) which appears to 


f adsorption of gas molecules 


reacting surface 


METAL-WATER REACTIONS 


The high temperature reactions were followed 
only by the manometric technique. The observations 
of Svec and Gibbs (6) on Ca made the appearance 
of a completely protective coating in these reactions 
unexpected, especially at the high temperatures. It 
was not possible to deduce what rate law was fol- 
lowed during the initial stages of these high tem- 
perature reactions. The experimental difficulties of 
characterizing precisely the coatings at the elevated 
temperatures involved make it impossible to educe 
an explanation for these phenomena based on ex- 
perimental fact. The most significant observation 
remains the sharpening of the x-ray diffraction pat- 
terns of the high temperature coating compared to 
the low temperature coatings. 


Manuscript received June 4, 1957 
Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
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system ZnO-P.O 
using 
uunds exist, 
n, reve rsible 
undergoes a rapid, reversible 
irreversible 
600 


n 


temperature 


by heating the high temperature 


were determined in air in the 
and nching methods 
Zn. (PO,)., Zn.P.O-, and Zn(PO,) 

942° and melts at 
at 
inversion in metaphosphate 
and 700°C, depending on the rate 
form of the metaphosphate 


form in air, but glass of 


solid state 


inversion at 
inversion 


the 


the metaphosphate composition will yield a mixture of low and high tempera- 


forms if held at 550°C for 16 hr 
ZnO 


ture 
relationships exist between 
Zn.P.O. and Zn(PO,) 


The phase relationships in the system ZnO-P.O 
were investigated because the system was known to 
contain at least two compounds of interest as host 
lattices for preparations, 
thought that of the 
the crystals and glasses in the system might be of 


luminescent and it was 


a determination properties of 
some interest to allied fields 

Numerous references to hydrated and anhydrous 
zinc phosphate minerals and synthetic preparations 
(1), but the paper by Smith (2) 
on luminescence of zinc phosphates appears to be 
the only high temperature study which is closely 
related to the present work. Smith claimed three 
forms of Zn,(PO,)., a, The a form was said 


are available, e.g., 


B, and 4 


Zn‘ PO,) 
and Zn,(POQO.,):, 


melts at 872°C 
Zn, (PO,) 


Simple eutectic 
Zn.P.O:, and 


ana 


Mn was 
Mn and 
800°C were required. There- 
it was inferred that the 8 form would not ap- 
pear if less than 1 Mn were present. The y form 
was produced by the addition of 2 mole “% Mg,(PO,), 
with or without the addition of Mn. Gamma could 
be produced by the addition of Zn.P.O, to Zn,(PO,).. 
It was not clear whether or not Mn was present in 
the latter experiment. Pyrophosphates were said 
to prevent the formation of 8-Zn,(PO,).. 

It was felt that a detailed study of the phase re- 
lationships in the systems ZnO-P.O,, ZnO-MnO- 
P.O., and ZnO-MgO-MnO-P.O, would be necessary 


to 


be stable up to the fusion point if 
To produce a pure 8 form, 1% 


no 
present 
temperatures above 


tore, 


125 
a 
1 
nificant 2 
for this 
3 
for the 
+ 
mm (11.1 5 
pend on the rate 6. 
College of Mineral Industries, 


in order to understand the luminescent properties 
of these compositions. This paper is confined to a 
clarification of the relationships between ZnO and 
P.O.. The other systems will be dealt with in a 
later paper 


Experimental Procedure 
Techniques, Equipment, and Materials 


Quench technique.—The quench technique fol- 
lowed essentially that described by Hill, Faust, and 
Reynolds (3) in the system P.O,-2CaO-P.O.. Since 
their work was concerned with the P.O.-rich end of 
the system, elaborate methods of minimizing P.O 
volatilization were used. Such techniques did not 
appear necessary in the ZnO-P.O, system, since 
chemical analyses of some of the zinc phosphate 
glasses did not indicate a significant loss of P.O 
through volatilization 

The quench furnace consisted of a Pt wound tube 
furnace. Temperature was controlled by a Tagli- 
abue Celectray indicating potentiometer controlle: 
A separate Pt-Pt 10° Rh thermocouple for the con- 
troller was inserted inside the tube so that this 
control thermocouple could be positioned manualls 
near the quench packet 

Actual quench packet temperatures were meas- 
ured by a L&N portable precision potentiometer us- 
ing a second Pt-Pt 10°, Rh thermocouple placed 
next to the quench packet. The accuracy of the 
second thermocouple was checked periodically 
against the melting point of gold at 1063°C 

X-ray diffraction.—Room temperature x-ray dif- 
fraction data were recorded with a Norelco Geige: 
counter diffractometer. Nickel-filtered CuKa radi- 
ation was used with the x-ray tube operating at 40 
kv at 15 ma current. For routine identification. a 
scanning rate of 1 deg/min was used while the ini- 
tial patterns used as a reference throughout this 
work were recorded at 4 deg/min 

High temperature x-ray diffraction data were ob- 
tained on a General Electric XRD-3 Geiger counter 
diffractometer also using Ni-filtered CuKa radia- 
tion. The x-ray furnace’ was of ceramic construction 
with Pt heating elements and sample holder. An Al 
foil window in the furnace served as an entrance 
and exit for the x-radiation. The temperature of the 
specimen was maintained at +5°C 

Differential thermal analyses.—Differential ther- 
mal analyses were done on an apparatus described 
by Gruver (4) 

Polarizing microscope.—A Bausch and Lomb po- 
larizing microscope was used to examine the crys- 
talline and glass phases in the ZnO-P.O, system. In- 
dex oils accurate to 0.004 were used for the index 
of refraction measurements of the glasses 

Heat treating furnaces.—All heat treatment othe: 
than quench work was done in electrically heated 
furnaces using silicon carbide heating elements. The 
temperature was controlled manually by an auto- 
transformer. Because of the large size of the heating 
chamber, temperatures were considered accurate to 
only +10°C. Such processes as formation of large 
amounts of glass, dehydration of zine phosphate 


Furnace designed by H. A. McKinstry of the Mineral Constitu- 
tion Laboratory of the Pennsylvania State University 
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crystalline materials. weight loss measurements, 
and the preliminary work in determining the phase 
equilibrium relationships were done in these fur- 
naces. 

Raw materials—The ZnO used in this investiga- 
tion was obtained from the Chemical Products Plant 
of the General Electric Company. It is manufac- 
tured by the New Jersey Zinc Company and is a 
luminescent grade raw material with a purity com- 
parable to a C.P. grade in commercially available 
chemicals. The ZnO was used as received with no 
weight loss correction 

The phosphoric acid used was a Baker Analvzed 
Reagent of C.P. grade. This acid contained approxi 
mately 85 orthophosphoric acid, H,PO,, the re- 
maining 15% being water. To determine exactly ths 


amount of P.O, in the acid, gravimetric quantitative 


analysis of P.O, described by Pierce and Haenisch 
(5) was used. This analysis consisted briefly of 
precipitation of the P.O, as MgNH.PO,-6H.O and 
finally weighing as Mg.P.O.. Two 7-lb bottles of 
H.PO, were analyzed separately. The followin 
sults were obtained 


Bottle =1 Bottle =2 
(g of P.O./m]l of acid) (g of P.O./m]l of acid) 

1.0665 1.0305 

1.0660 1.0340 

1.0665 1.0325 
Average Average 

1.066>.001 1.032 > .002 
analysis analysis 


Compositions and Heat Treatment 
Compound preparation Zinc orthophosphate: 
was prepared by reacting ZnO with H.PO.. The acid 


was slowly added to a water slurry of the ZnO. To 


insure homogeneity the resultin atch was hand 


mixed in a glass mortar for 1 hr. The 


acid reacted 
quite readily with the ZnO and water had to be 
added continually as the Zn,(PO,). that was formed 
became hydrated. The final material was then dried 
at 110°C 

A sample of the dried batch which was heated t 
640°C for 5 hr underwent a 9.14 weight loss. The 
theoretical weight loss in dehydrating Zn,(PO,) 
2H.0 is 9.34% ; therefore, it was concluded that this 
material was zine orthophosphate dihydrate, and 
the x-ray data presented in Table IV as Zn,(PO,) 
2H.O were recorded from this material 

This Zn,(PO,).-2H.O was then fired to 800-950°C 
for 12 hr. X-ray analysis indicated that the fired 
material consisted mainly of a-Zn,(PO,). with some 
8-Zn,(PO,). present. Further heat treatment of this 
mixture of a and 8 Zn,(PO,). produced the pure 
forms of this compound. Refiring to 750°C for 4 hi 
produced all a-Zn,(PO,)., while refiring to 1000°C 
for 12 hr produced all 8-Zn,(PO,). (Table IV) 

Three chemical analyses were run on each of two 
samples of the Zn,(PO,).. The average value ob- 
tained was 36.59+0.2°. P.O. compared to the theo- 
retical value of 36.79% P.O. in Zn,(PO,).. An inde- 
pendent analysis’ gave a value of 36.48°, P.O 


Chemical Products Plant, General Electric Co., Cleveland, Ohio 


‘ 
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Zinc pyrophosphate was made by the well- 
Known analytical procedure used for both ZnO and 
P.O. analysis. A C.P. grade of ZnCl, was reacted 
with C.P. (NH,),PO, to form ZnNH,PO,. The Zn 
NH,.PO, produced in this manner was fired to 900°C 
r 12 hr. A P.O, analysis’ indicated 47.3% P.O 
present compared to the theoretical amount of 
46.59 This indicated that a small amount of 
Zn(PO,). was present in the Zn.P.O 

Zine metaphosphate could not be made by the re- 
action of ZnO with H,PO,. Zn,(PO,) 


of 
i 


would form 
erentially and even at elevated temperatures 
would not react readily with the remainder of the 
acid 

The Zn(PO,) 


ium investigation was obtained from the Monsanto 


finally used in the phase equilib- 


Chemical Company. A chemical analysis’ gave a 


value of 63.34~0.07 P.O. as compared with the 
theoretical amount of 63.58 P.O. in Zn(PO,) 


intermediate compositions and glasses The in- 


termediate compositions between ZnO and Zn.P.O 
were made by reacting ZnO with H,PO, while the 
compositions between Zn.P.O. and Zn(PO,). were 
made from ZnO and Zn(PO,) 

All solid-state reactions were done in Pt cruci- 
bles. The batches were given an initial low temper- 


ature firing between 600° and 700°C and then 


Since the batches in the composition range be- 
tween Zn.P.O. and Zn(PO,). were made from ZnO 
nd Zn(PO,).,. Zn,(PO,). rather than Zn,.P.0O. formed 


ail 


mn some cases during the low temperatt 
This nonequilibrium existence of Zn,(PO,). in this 


ire firing 


composition range did not affect the over-all chem- 
ical compositions or the glasses that were late: 
from these batches. As firing temperatures 


made 
nereased the Zn,(PO,). disappeared 

After the intermediate compositions were made, 
portions of these batches were used to determine 
the extent of glass formation in this system. About 


10-g samples were melted between 1100° and 


1200 C for 30 min in a Pt crucible and quenched to 


a glass. The glass was removed from the crucible 
and crushed to —100 mesh particle size with a steel 
mortar and pestle. A magnet was used to remove 

nv Fe particles introduced by the grinding. Table I 


sts the compositions made in the study of the ZnO- 
P.O, system 

Chemical analyses.—To check the accuracy of the 
ZnO-P.O. system, P.O 


analyses were run on various crystalline samples 


compositions made in the 


and glasses. Table II lists these analyses, some of 
which were mentioned previously in the section on 
compound formation 

All crystalline 
and glass compositions used for the phase equilib- 
ZnO-P.O 


treated in quench furnaces. This assured accurate 


Heat treatment of compositions 


rium study in the system were heat 
temperature control and a minimum of P.O. vola- 
tilization because of the sealed quench packet 

The preliminary investigations in the system 
were done using only crystalline batches as start- 
ing materials. Glasses were later used for liquidus 
and solidus determinations and for checking various 
points in the system. 
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One group of glasses in the composition range 
between Zn.P.O. and Zn(PO,). was devitrified in a 
Globar furnace. The purpose of this study was to 
crystallize the low form of Zn(PO,). from the 


Table |. Compositions used for investigation of the system ZnO-P.O 


Weight Initial heat treatment 
N ZnO PO Mole ratio Time, hr Temp, °C 
] 74.12 25.88 a1 12 924 
2 72.00 28.00 19 700 


3° 69.62 30.38 4:1 12 836 
4* 68.00 32.00 19 700 
5° 66.00 34.00 24 700 


6 64.50 18 700 
7 63.22 
i 62.00 38.00 19 700 
9° 61.00 39.00 46 712 
10 60.00 40.00 18 700 
18.89 1.11 5:2 
2° 58.00 42.00 24 600 
13° 57.00 43.00 12 750 
14° 55.00 45.00 12 710 
15° 53.40 46.60 9-] 
16* 51.00 49.00 12 650 
17° 48.85 51.15 5:3 24 650 
18° 46.22 53.7 3:2 12 650 
19° 43.31 56.69 4:3 24 650 
”* 1.73 58.27 5:4 24 650 
21 404 59.6 24 600 
22° 39 00 61.00 24 650 
23 37.6 62.4 24 650 
24 36.42 63.58 1:1 
positior nelted t Riasses tor use in quench determinatians 
Table Il. Chemical analyses of ZnO-P.O. compositions 
Weight per cent P.O 
Analyzed 
Sample Sam ple Sample 
N Description of sample Calculated No. 1 No. 2 
l ZnO and P.O, reacted 25.88 25.21 25.21 
in a 5:1 molar ratio 
and fired to 924°C/12 
hr 
2 ZnO and P.O. reacted 36.78 36.51 36.32 
in a 3:1 molar rati 
and fired to 900°C/12 
hr 
3. ZnO and P.O. reacted 38.00 37.20 37.26 
and fired to 700°C/19 
hi 
4 ZnO and P.O. reacted 43.00 42.96 42.89 


and melted to a glass 
at 1200°C/30 min 

5 Zn-P.O-. made from 46.60 46.18 46.17 
zinc ammonium phos- 
phate and fired to 
900°C /12 hr 

6 Zn.P.O- made fron 46.60 45.66 45.62 
ZnO and H,PO,, fired 
to 800°C /12 hr 

7 Zn.P.0. melted to a 46.60 47.10 47.12 
glass at 1200°C/30 


1in 
8 ZnO and Zn(POQO,), re- 62.40 32.30 62.37 
acted in solid state at 
650°C /24 hr 
i) Monsanto Chemical 63.58 63.27 63.41 
Company zinc meta- 
phosphate, dried 110°C. 


ate 4 
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glasses. Since were not critical, the 


temperatures 
quench furnaces were not used in this investigation 
Experimental Results and Discussion 
Zinc Phosphate Glasses 
The 
phate glasses for sodium light is presented in Fig. 1 
A break in the curve occurs at the Zn(PO,). 
position according to the data of Kordes (11). Since 


index of refraction curve of the zinc phos- 


the present work was concerned only with composi- 
ZnO to Zn(PO,)., no 
were made with a higher P.O, content, and the data 


tions ranging from glasses 
of Kordes were not checked 


The composition of Zn,(PO,)., 63.22% ZnO and 


36.78% ?P.O., could not be quenched to a glass. How- 
ever, glasses could be formed on the ZnO side of 


Zn,(PO,) 
glasses could be formed on both sides of a compound 


This presents an unusual situation, since 


composition, but not exactly on the compound com- 
position 

The glasses with a P.O. content greater than that 
in the Zn.P.O. composition, 53.40% ZnO and 46.60' 
P.O., were attacked by the moisture in the air after 
a two month period 


Zinc Phosphate Compounds 
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analyses of the low and high forms of Zn,(PO,). are 
presented in Fig. 2 

The DTA of the a-Zn,(PO,). showed three endo- 
thermic peaks. The first peak was due to an in- 
version in this compound. High temperature x-ray 
diffraction data indicated that this was the change 
from the a to the 8 form 

The inversion temperature was measured exactly 
by inserting samples of both a- and 8-Zn,(PO,), to- 


gether in the quench furnace and examining the 


samples after heat treatment by x-ray analysis. At 


938°C a-Zn,(PO,). was stable and the 8-Zn,(PO,) 
was partially converted to a-Zn,(PO,).. This con- 
version was not complete even after 27 hr at this 


After 20 hr at 942°C, both the sam- 
r- and 8-Zn,(PO,). remained in their origi 

nal form. At 944°C for 4 hr 8-Zn,(PO,) 

and the a-Zn,(PO,) partially 

8-Zn,(PO,) An 

was concluded on the basis of these data 


:-Zn,(PO,) 


temperature 
ples of 
was stable, 
converted to 


942 C 


Was 
inversion temperature of 
The second endothermic peak in was 


due to the 


formation of some liquid in the sample 
The chemical analysis indicated that the P.O. con- 
tent was about 0.3 low, indicating that the com- 
position lies between the ZnO and Zn,(PO,). end 
members. The eutectic temperature in this region 


is 1005°C. Above this temperature Zn,(PO,). would 


be in equilibrium with a small amount of liquid 
phase if the composition deviated from the exact 


3ZnO: P.O. ratio 
The third peak was due to the melti 
Zn,(PO,).. Since Zn,(PO,) 


comple tely to a glass. 


could not be 
the melting point was meas- 
ured by examining the material 
heat 


small amount of liquid formed 


with a binocular: 
As indi« ated, a 
below the 
The effect of this liquid was to form the 


microscope after treatment 


point sam- 
ple into a hard, dense mass. Above the melting point 
the Zn,(PO,), flowed completely to the bottom of 


This difference in 


melting temperature was used 


the quench packet 


appearance 
above and below the 
to determine the melting point. At a temperature of 
1062°C, the sample had definitely melted, and there 


glass present, while at 1056 C the 


was a trace of 


sample was unmelted. A melting 1060 C 
these 


+8°C because of the relatively 


point of 


was concluded from data with an error of 


poorer accuracy OD- 
tainable by this technique as compared to the regu- 
lar quench technique using a glass 

The DTA of the high form of Zn,(PO,) 
the three peaks present in the low 
peak. The 
peaks correspond to the three peaks in the 
(PO,). DTA curve and 
version, eutectic liquid 
However, the exothermic peak was unique for the 
DTA of the high form 
the temperature at which this peak occurred was 
not consistent and varied between 800° and 900°C 
This peak is due to the return of 8-Zn,(PO,)., which 
is unstable in this temperature range, to a-Zn,(PO,) 

Thermal expansion curves of a-Zn,(PO,), indi- 
cated that the compound undergoes a substantial 
during the 8-Zn,(PO,) 


showed 
form plus a 
endothermic 


a-Zn 


a-B in- 


fourth exothermic three 


are caused bv the 


formation, and melting 


Numerous runs showed that 


contraction inversion to 
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Conversely, the 8 form expands as it returns to the 31.2 2.87 75 48.9 1.86 15 
31.5: 2.84 60 50.4 1.81 15 
31.9 2. 5 7 
It was concluded that Zn,(PO,), has a sluggish 32 4 2 + 
inversion at 942°C. The 8 form which is desired as 33.7 2.66 — 54.7° 1.68 10 
a phosphor is metastable at room temperature 
which explains its poor chemical and thermal sta- 35.3 2.54 5 57.4 si 15 
bility 36.0 2.49 20 58.8 1.57 5 
The x-ray diffraction data for a and §-Zn,(PO,). Other reflections 
shown in Table HI reveal some differences when ‘ ati 
compared to those of Smith (2). It is believed that . Low ‘a! Zn:P.O 
the data given in Table III are for pure phases, not 
contaminated with each other, or with “y zinc phos- 9.2 9.61 ao 35.3 2.54 45 
nie 15.8 5.61 10 36.2 2.48 aa 
phate 17.4 5.10 10 38.1 2.36 — 
18.4 4.82 39.1 2.30 10 
Table X-ray diffraction patterns for the compounds in the 194 58 
system ZnO-P.O 19.8 4.48 mt 43.2 2.09 45 
| (dried 110°C) * 20 3 4.37 15 43.5 2.08 5 
i 26 d 15 45.0 2.01 10 
8 9.03 10 38.6 2.33 23.3 3.82 
13 7.83 100 39.5 2.2 - 23.7 3.75 5 48 5 1.88 0 
71 5.19 413 2.19 247 3.60 5 51.6 1.77 
86 4.77 5 42.9 2.11 25.4 3.51 52.1 1.76 
95° 455 10 432° 2.09 258° 3.45 
209° 425 10 46.4 1.96 15 26.5° 3.36 a 54.1 1.70 5 
327 392 75 47.0 1.93 15 26.8 3.33 55.0 167 5 
246° 362 48.4 188 5 27.7 3.22 55.8 165 5 
25 5 3.49 50.4 181 5 28.3 3.15 56.8 1.62 
35 9 3 44 53.3 1.72 28.9 3.09 5 57.2 1.61 10 
364 3.38 54.2 1.69 29.5 3.03 60 57.4 1.61 10 
°7.9 3.20 a0 55.3 1.66 29.7 3.01 100 58.7 1.57 25 
29.2 3.06 5 56.6 1.63 31.2 2.87 5 59.6 155 be 
296 3.02 10 58.1 1.59 5 31.4 2.85 10 60.0 154 5 
30.5 2 93 15 59.0 1.57 10 31.8 2.81 pe 61.8 1.50 5 
315 3 84 5 60.9 152 5 32.9 2.72 5 63.1 1.47 15 
346° 2.59 -- Other reflections 
344 261 5 68.5 1.37 5 
35.8 2.51 5 70.9 1.33 5 d 
36.9 2.44 Other reflections 17.5 5.07 = 57.0 1.62 10 
37.5 2.40 5 * Pattern recorded at 1° ‘min 20.3 4.34 5 58.4 1.58 15 
24 7 3.60 ia 59 8 1.55 5 
29.6 3.02 00 39 8 
124 7.14 5 44.6 2.03 5 34.9 2.57 — 63.6 146 os 
195 455 40 45.1 2.01 10 33.2 2.55 30 70.0 134 5 
21.3 4.17 35 46.2 1.96 10 39.0 2.31 5 70.7 1.33 5 
22.7 3.92 40 46.5 1.95 10 41.1 2.20 5 714 132 : 
24.8 3.59 90 47.1 1.93 4 43.0 2.10 25 717 132 5 
28.6 3.12 75 49.2 1.85 10 43.6 208 5 75.4 1.26 5 
29.2 3.06 100 50.0 1.82 20 44.9 2.02 5 738 3 1 59 " 
31.9 281 15 50.8 1.80 10 46.8 1.94 5 78.9 121 
32.5 2.75 10 51.3 1.78 10 48.5 1.88 15 ; pf a 
3 a) 2.54 10 4 9 1.67 10 51.9 1.76 5 Other reflections 
34.3 261 2: 55.6 1.65 10 53.5 1.71 
36.9 2 44 40 57.9 1.59 54.1 170 
35 598° 1.55 20 
37.9 2.37 5 60.9 1.52 15 
38.4 2.34 5 61.5 1.51 10 Low ia! Zn‘ PO 
39.4 2.29 40 63.2 1.47 5 
40.3 2.2 25 64.6 1.44 15 38 9 26 
408° 221 20 662° 141 10 
2.7 2.12 10 13.8 642 55 429 
43.6 2.07 10 Other reflections 144 6 15 "5 43.8 Ly = 
19.3 4.60 5 45.1 2.01 10 
High (8! Zn» (PO, 20.0 4 44 55 45 + 2.00 10 
eh 20.8 427 50 16.8 1.94 5 
25.2 3.53 7.9° 2 
20.6 431 5 38.1 2.36 5 25.8 3.45 55 50.1° 182 e 
21.3 4.17 15 39.1 2.30 4 26.4 3.38 5 50.6 1.80 on 
22.2 4.00 10 39.6 2.28 ia 27.1 3.29 “a 51.0 1.79 10 
22.6 3.93 15 41.0° 2.20 5 27.6 3.23 5 52.0 1.76 oe 
22.8 3.90 10 41.5 2.18 woe 28.1 3.18 5 52.4 1.75 5 
233° 3.82 420° 215 10 293° 3.05 15 53.5° 1.71 5 
242 3.68 10 43.3 2.09 15 30.1 2.97 95 56.6 1.63 10 
25.2 3.53 44.7° 2.03 5 30.7 2.91 100 56.9 1.62 10 
27 3.29 100 45.1 2.01 5 312 2.87 5 57.5° 1.60 10 
28.4 3.14 20 45.5' 1.99 5 31.7 2.82 20 59.6 1.55 10 
28.9 3.09 60 46.4 1.96 5 34.8 2.58 5 60.1 154 50 
29.1 3.07 35 47.2' 1.93 35.5 2.53 5 60.7" 1.53 "5 
29.6 3.02 20 476° 1.291 15 37.3° 241 45 , 
30.5 2.93 15 48.7 1.87 15 37.7 2.39 10 Other reflections 


* 

i 

{ 


>. 
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Table Ill. X-ray diffraction patterns for the compounds in the 
system ZnO-P.O. (Cont 


High (8) Zn‘ PO 
2 | 


5.37 2.5 

5.13 5 36.3 2.47 5 
5.04 5 37.4 2.40 10 
4.53 10 37.7 2.3! 10 
442 10 39.6 2.28 10 
4.08 40 40.0 > 5 
3.85 10 40.8 2.2 5 
3.80 30 41.2 2.18 10 
3.71 15 41.5 2.18 5 
3.49 45 44.1 2.05 5 
3.45 100 44.3 2.04 15 
3.40 25 47.8 1.90 5 
3.28 10 48.2 1.89 5 
3.21 15 48.7 1.87 5 
3.00 49.6 1.8 5 
2.81 10 51.4 1.78 5 
9 75 10 53.9 1.70 10 

10 Other reflection 
Zinc pyrophosphate The differential thermal! 
analvsis curve of Zn.P.O. is given in Fig. 3. The curve 


showed two peaks, one at about 130° and the othe! 
at about 1020°C 

The first peak was due to an Inversion In Zn.P.O 
Duplicate runs on the same sample indicated that 
this inversion was reversible. Quenches of Zn,P.O 
heated to temperatures above the inversion temper- 
ature did not freeze in a high form of the material 
These data indicated that the inversion was ver) 
rapidly reversible 

High temperature x-ray methods were used to 
measure the inversion temperature. A sample was 
heated above the inversion temperature and then 
cooled in 10°C increments until the x-ray pattern 
howed a change to another form. This change took 


place between 127° and 137°C. An inversion tem- 


perature of 132 8°C was concluded from these 
lata 


The major peaks in the x-ray data of the higt 
form of Zn.P.O. closely resembled those for the low 
form. Table III. The inversion to the high form was 
accompanied by the disappearance ol about one- 
half of the x-ray peaks present in the low form 
This suggests that the inversion of Zn,P.O. was due 


to a change from a lower to a higher symmetr) 
+. 
| 
5 
© 600 
= 
400 
200 - 
O- 
-——10 —* 
Endo Exo. 1 Endo Exo 
Deflection in Millivolts 
x -2n,P,0, a -2n(PO,), 
3 Typical differential thermec analysi curves 


for a-Zn.P.0- and a-Zn(PO 


structure. The low form of Zn.P.O. gave biaxial in- 
terference figures under the polarizing microscope 

The second peak at 1020°C in the DTA curve was 
due to the melting of Zn.P.O.. The melting point of 
Zn.P.O. as determined accurately by quench tech- 
niques 1s 1017°C 

Zinc metaphosphate.—The differential thermal 
analvsis curve of Zn(PO,). is presented in Fig. 3 
This curve showed two peaks, one at approximately 
780° and the other at 900°C 

The first peak is due to a polymorphic inversion 
in Zn(PO.).. This peak has an unusual contour 
showing a slow rounding effect after the initial 
sharp peak. This rounding effect was p! ibably dus 


to the formation of a very small amount of liquid 


in the sample. The chemical analysis indicated the 
P.O. content was about 0.3 below that of pure 
7n(PO.).. or that the actual composition of this 
material lies between Zn.P.O. and Zn(PO,) The 
utectic temperature in this region Is 834°C whict 

approximately where this rounding effect takes 


lace. This peak is about 120°C above the inversion 


temperature of 650 C as measured Dy quen h tech- 
niques. This is to be expt cted since differential ther- 
nal analvsis Is a dvnamic measurement ana this 
nversion is sluggish 

The second pe ak was due to the melting { 
Z1 (PO,) and co espond igt te tre melting 
point of 872°C as measured by quench tet hniques 

A sample of a-Zn(PO,). was heate i to 630 - 
650 C for stabilit f the low 
form in thi: X-rav analysis of 
the above sample indicated that only the low forn 


f Zn(PO,). was present 


Since heating the high form of Zn(PO,), at a 
temperature below its inversion at 650 C did not 
duce the low form, an attempt was made to 


form a-Zn(PO,). by devitrifying a glass of the 
Zn(PO.). composition. The first experimental run 


consisted of heating a sample of Zn(PO,) glass for 
i 8, and 


16 hr at 650°C. X-ray analysis indicated 


that these glasses divitrified to onl) the high form 
A second set of glasses heated for 1, 4, and 16 hr at 
550°C devitrified to a mixture of the high and low 


forms of Zn(PO.).. Temperatures below 450°C were 
found to be not high enough to product devi 
tion. This study indicated that the low form « 
Zn(PO.). could be formed by devitrifying Zn(PO,) 
glass. However, complete devitrification te he low 
form could not be obtained. This eliminated the 
technique of measuring the inversion temperature 
by devitrifving glasses. Consequently the inversion 
temperature measurement was determined only bs 
oing from the low to the high forn 

It was concluded that Zn(PO,). has an irreversi-~ 
ble inversion when heated in air. This inversion Is 
reasonably slow in a temperature range neal the 


above the arbi- 


inversion. Temperatures 90°-140 ¢ 

trarilv selected inversion temperature of! 650 ¢ 
produce complete transition to the higher form in 
about a one-hour firing time 


Phase Equilibrium Relationships 
Quench data.—The experimental data obtained 
by quench method are presented in Table IV. The 


i 
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Table 1V. Quench data for the system ZnO-P.O 


69.62 


39.00 


uu 

to to te te 


DAA 


43.00 


5500 


46.60 


AAA BHABHA AA 
2 2 


49.00 


1006 
1001 
902 
820 
1020 
1014 
837 
827 


818 


4 


M 
X 
Xx 
x 
X 
xX 
X 
X 
X 
X 
X 
X 
M 
M 
X 
X 
X 
xX 
X 
x 
M 
M 
X 
Gl xX 
xX 
X 
X 
xX 
M 
M 
X 
M 
M 
X 
X 
M 
M 
X 
X 
M 
M 
M 
M 
xX 
X 
M 


AAA 


131 
positior Heat treatment 
weight Mole Starting Time Temp Method of 
N ZnO P.O rat nater hr < Phases present directior te 
l 74.12 25.88 5:1 CR ] 1015 GL + CR M 
CR 1004 CR M 
CR 3 1012 ZnO (+GL) Xx : 
CR 20 941 ZnO + a3:1 xX 
CR 2 932 ZnO + a3: 1 x 
CR + 916 ZnO + a3: 1 X 
3 30.38 4:1 GL 1179 GL M 
GL 1170 GL+CR M 
CR 1 1003 GL +CR M ° 
CR 1 992 CR M 
CR 15 1028 ZnO (+GL xX 
CR 3 959 ZnO + 83:1 X | 
CR 2 948 ZnO + 33:1 x . 
CR 2 132 ZnO + a3:1 x 
CR 20 892 ZnO + a3:] xX 4 
4 68.00 32.00 Gi. 1110 GL M 
GL ly 1104 CR M 
66.00 34.00 CR + 1013 GL M 
CR 4 100% GL + CR M 7 
7 63.22 36.78 3:1 CR 14 1062 GL + CR M 
CR 3 105¢ CR 
CR 15 1031 33:1 
CR 15 190 33:1 
CR 454 33:1 
CR 21 149 33:1 
CR 20 142 33:1 
CR 20 142 13:1 : 
CR 27 938 3:1 5 
CR 24 13°] 
62.00 38.00 CR 2 954 ore : 
CR 2 13:1 4 
CR 2 850 4 
9 61.0 — CR lly 1045 GL ; 
CR 2 1041 GL + (¢ . 
CR 1024 43:1 (4 
CR 990 33:1 (4 
GL 2 954 
CR 15 v4 13:1 4 4 
GL 2 97 3:1 4 . 
2 849 13:1 
1} 41.11 102¢ GL 
Ly 101¢ GL + 
12 1032 GL) 
15 989 3:1 
‘ 
12 58.00 42.00 K 100% GL 
le 995 Gi, + < 
958 33:1 4 
13 57.00 ly 982 GL 
ly 972 GL + ¢ ; 
20 1029 GL) 
20 939 23°) 4 
14 45.00 1006 GL 
1, 997 Gi 
12 976 g2:1 (4 7 
1's 967 33:1 
15 53.40 — 2:1 2 1018 GL : 
2 1015 CR 
16 51.00 | 2% GL 
10 g2:1 (4 
CR 16 g2:1 4 
17 48.85 51.15 5:3 CR ly GL : 
CR ly GL + CR M x 
GL 3 32:1 (+GL) 
GL 1 32:1 + 31:1 
GL 215 |__| g2:1 + 81:1 


18 46.22 53.78 3:2 GL 
GL 
CR 
CR 


19 43.31 56.69 4:3 GL 


20 41.73 58.27 


+ 


22 39.00 61.00 GL 


‘ 1 Low x) Zn 

83:1 High ‘8! 
82:1 High (8) ZneP,O 
Low ‘a! Zn‘ PO 


High 


ZnO ¢ Liquid Liqud 
™~ 
§ | B-ZnghO, 
900} 
Or 
60 Zn0 a-Zn,(PQ,), | | 
700+ | | -2n(PO,), 
| 
$005 : 20 30 40 50 60 
Weight Per Cent P,0, 
Fig. 4. Phase equilibrium diagram for the system ZnO 
Zn(PO 


phase diagram of the ZnO-Zn(PO,). portion of the 
ZnO-P.O. system was drawn from these data and 
is presented in Fig. 4 

The five crystalline modifications of the zinc 
phosphates obtainable at room temperature all pro- 
duced biaxial interference figures under the polar- 
izing microscope. The high and low forms of 
Zn,(PO,). particularly resembled one another under 
the light microscope. Since all these materials pro- 
duced distinct and characteristic x-ray diffraction 
patterns, x-ray diffraction techniques were used for 


all crystal indentification. This single method of 
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Table 1V. Quench data tor the system ZnO-P.O. (Cont) 
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ly 1004 GL M 
le 997 GL + CR M 
6 895 92:1 (+GL) 
22 836 §2:1(+GL) 4 
8 820 32:1 + x 
22 755 X 
9 711 §2:1 X 
le 962 GI M 
ly 957 GL + CR M 
3 837 g2:1(+Gl xX 
827 32:1 X 
242 818 32:1 + gl X 
717 32:1 X 
le 938 GL M 
ly 932 GL+CR M 
4 859 §2:1(+GL X 
6 818 $2:1 + xX 
15 722 32:1 X 
6 699 32:1 + al xX 
844 Gl M 
M 

X 

xX 

X 

M 

M 

4 

X 

X 

4 

xX 

X 


identification proved 
throughout the system 

ZnO-Zn,(PO,). portion.—The 
ZnO with Zn,(PO,). had no effect on the inversion 
temperature of the pure Zn,(PO,)., indicating no 
solubility of ZnO in the orthophosphate 

The eutectic temperature is 1005°C, and the eu- 
tectic composition is approximately 66 ZnO and 
34°, P.O,. No experimental difficulty was experi- 


presence Of excess 


enced in obtaining ZnO in equilibrium with a-Zn 
(PO,)., 8-Zn,(PO,). or glass 
Zn,(PO,).-Zn.P.O, portion An enlarged view 


of the Zn,(PC,).-Zn(PO,) 
presented in Fig 


portion of the system is 
5. The presence of Zn.P.O. with 
Zn,(PO,),. had a definite effect on the inversion tem- 
perature of Zn,(PO,).. The quenched compositions 
in this portion showed that a-Zn,(PO,). was stable 
in the presence of Zn,P.O, to at least 955°C, 13 

above the inversion temperature of pure Zn,(PO,) 

This increase in inversion temperature implies the 
existence of a solid solution of Zn,P.O, in Zn,(PO,) 


to the extent of approximately 5°‘, Zn.P.0O.. A com- 
position with a chemical analysis of 37.23°. P.O,, 


which is about 0.5°2 more P.O, than the pure 
Zn,(PO,)., always showed the presence of two 


phases when heat treated 

There was no difficulty in obtaining a-Zn,(PO,) 
in equilibrium with Zn,P.O.. However, it was very 
difficult to obtain 8-Zn,(PO,). in equilibrium with 
Zn.P.O.. Only two quenches presented in Table IV 


132 
CR 
CR 
CR 
GL 
GL 
GL 
GL 
GL 
CR 
CR 
CR 
CR 
GL 
GL 
GL 
CR 
$f 24 36.42 63.58 1:1 CR 
CR 
CR 
CR 
CR 
CR 
CR 
CR 
CR Crystals 
M Microscope 
x X-ra 
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Liqued 


u@ 
"B-31 8-21 
quid 
4 
“e’2 
BOC A-2n2P207 
4 
8 
4 
4@-Z2iea 
ac as 55 60 
Weight Per Cent PLO. 
Fig 5. Enlarged diogram of the equilibrium relationshit 
th Zn.(PO.). and Zn(PO 


contain these two phases. Numerous other quenches 
in this very small temperature range usually showed 


existence of three phases 


8-Zn,(PO,)., and Zn.P.0O.. The eutectic 
emperature in this region is at 972°C, and the eu- 


tectic composition is approximately 57 ZnO and 


nonequilibrium 


Zn.P.0.-Zn(PO,). portion.—Since glasses in this 


tion of the system could not be devitrified com- 
pletely to the low form, the Zn(PO,), inversion in 
the presence of Zn.P.O. was measured using crys- 
talline starting material 


). inversion appeared to be inhibited 


The Zn(PO 


by the presence of Zn.P.O. and occurred at temper- 


atures of 65°-80°C above the 650° observed for the 


Since the lowest temperature at 
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which pure a-Zn(PO,),. crystallized from glass was 
650°C, the inversion is shown at this temperature 
in Fig. 4 and 5. The actual equilibrium inversion 
temperature may be considerably below 650°C. 

The eutectic temperature is 832°C, and the eu- 
tectic composition is approximately 39° ZnO and 
61°, P,O,. 

Summary and Conclusions 

1. Equilibrium relationships have been estab- 
lished for the system ZnO-Zn(PO,).. 

2. The conclusion of Smith that Zn,(PO,). does 
not show any phase change up to the point of fusion 
has been proven incorrect. A relatively sluggish re- 
versible inversion of a-Zn,(PO,). to 8-Zn,(PO,). oc- 
curs at 942°C 

3. Zn.P.O. and Zn(PO,) 
phic forms 


exist in two polymor- 
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rs prepared by 


inge en on bDand, with no other 
tion by ultraviolet athode rays, ar 
spectra. The emission band peaks at 


proportions of orange, Dilute ind greer 


H.S gives a new yellow-emitting pho 


ciscussed 


A few years ago, Froelich (1) described a new 


#£n5:Cu phosphor exhibiting a vellow-red emission 


unde ultraviolet or electroluminescent excitation 
It was prepared by firing mixes containing fron 


10 to 10° atom fraction Cu at temperatures above 
1000 C in an HS atmosphere which was free of 
oxygenous impurities. The emission spectra of Froe- 
lich’s products varied somewhat with the firing con- 
ditions, and also with the mode of excitation. The 
emission occurred in a broad band peaking around 
6500A, and was believed to consist of a strong red 
band at 6700A, and a weaker vellow band at 5800A 
The relative intensity of the latter under ultra- 
violet depended on the wave length of the exciting 
radiation 

Recently Bowers and Melamed (2) re ported that 
a blue (4400A) emission band was always found in 
their ZnS:Cu phosphors showing the 6700A band 
(referred to by them as the “red emission), al- 
though in some of their products, the blue band 
showed up only at liquid air temperatures. Since 
they found no temperature-dependent magnetic 
susceptibility in these products they concluded that 
the “red” centers did not involve any unpaired elec- 
trons. They therefore proposed that the “red” cente1 
was an interstitial copper coactivated by a zinc 
vacancy, which in turn was responsible for the 
4400A band 

In the present work it was possible, by scrupu- 
lous elimination of oxygenous and coactivator type 
impurities from the H.S firing atmosphere, to pre- 
pare “self-coactivated” ZnS:Cu with only the 
6700A band present with all types of excitation 
used. This band is referred to in this paper as the 
“orange band” because “orange” describes the color 
of its luminescent emission as perceived by the eye 
better than “red” 


Preparation of Phosphors 
The phosphors were prepared from precipitated 
ZnS which had been prefired in pure H.S to remove 


The Luminescence of Self-Coactivated ZnS:Cu 
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firing ZnS 
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with Cu in purified H.S show a simplk 
ands in evidence even at 90°K. Excita 


id electric field gives identical emission 
the same wave length for samples with 


phospnors 


ission. Firing ZnS with Ag in pure 


ch ( ) had 
found that, in preparing the ange phosphors, com- 
parable results were obtained with pure HS ga 
directly from a cylinder and with gas that was first 
vashed with Ba(OH). solution and then freed fron 
water vapor. In the present work, however. it wa 
found to be impos ble to Otain ¢t ht orar Lit phos- 
pno using the best avallablk grade HS La i 
ect from a cvlinder Theref e the above-men- 
tioned method of purification was emt ed i i 
H.S firings. The residual quantity of oxvgenous and 
coactivator Impurities after such treatment was es- 
timated to be less thar 10 ppn (possibl nuc? t 
than 10 ppm) 
The phosphors were fired in small bottle-s} iped 


ubes In an arrangement verv simila 


scribed by Froelich (1). In this set-up, fresh HS 


gas Is passed continually over the phos; 


thus sweeping out any gaseous react 


The phosphor mixes were prepared t 


p 
r Al as dilute solutions of the nitrate 


ZnS powder, along with enough deioniz 


give a stiff paste. This paste was dried 
ferred to the fi 

inserted into the furnace at 600°C, and 
ture raised quickly to the firing temps 
ally 1100°C. After the firing period, 1 
the tube was removed from the furnace 
to cool to room temperature. The flow 
was maintained from the time before 


ion ft wit 


h 
iring tube. The firing 


iding C 


g tubes were 
the tempera- 
rature, usu- 


isually 1 hr, 
and allowed 
of pure H.S 
inserting the 


tube into the furnace until the time the firing tube 


had cooled to room temperature. The 


cooled phos- 


phors were removed from the firing tube and 


washed in NaCN solution to remove f1 
It is of theoretical interest to know 
temperature needed to form a phosph« 


ee Cu.S 


h 


the minimum 


rv. When at- 


tempts were made to prepare the orange phosphor 


by the method described above, but 
temperatures lower than 1000°C, t 
showed very weak or no luminescence 


using firing 
he products 
It was sus- 


= 
either hexagonal or cubic crystal structure Dut 1 sniited t ionger wave 
iengths by addition of CdS. The orange luminescence is strongly decreased bv 
: traces of H.O in the H.S firing atmosphere, but quite stable to firing in oxidiz- 
ng or reaucing atmospheres 
Addition of Al to ZnS:Cu gives a series of jig showing various 
ph wi properti very simular t thie 
‘ sible models for the range center al 
| 
r sulfate to 
Water to 
ak 
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pected that these lower temperature firings failed to 
remove the oxygen which was present in the start- 
ing materials. This residual oxygen then prevented 
the formation of orange centers. Therefore a prep- 
aration method was developed in which oxygen was 
removed from the starting materials. A portion of 
ZnS, prefired as described above, was further fired 
for '2 hr at 1100°C in pure HS. A sample of Cu.S 
was prefired for 20 min at 600°C in H,S. With H.S 
passing through both tubes, the Cu.S was shaken 
into the tube containing the ZnS, avoiding contact 
with air. After mixing by rotating the tube, the mix 
Was put back into the furnace at 900°C for 1 hi: 
This experiment was repeated except that the final 
firing was (a) 2 hr at 800°C, (b) 2 hr at 700°C. In 


each tr 


Case he orange luminescence appeared, al- 


though not as bright as in normally prepared sam- 
ples. A sampie fired for 2 hr at 600°C did not fluo- 
resce. Thus it appears that orange centers can form 
at comparatively low temperatures provided oxygen 


is carefully excluded 


In some preparations, the phosphor mix was fired 
in H.S to which H,.O had purposely been added in 
certain proportions. This wet H.S was prepared by 
passing pure H.S through water or over ice m 
tained at a series of temperatures to give the de- 
sired vapor pressure of H.O. In these products, the 
ige emission was much weaker than in samples 
fired in dry H.S. The intensity of the orange band 
could be brought back to normal by refirir at 


1100 °C for approximately 1 hr in dry H,S. However, 


once this good phosphor was formed, firing for sev- 
eral hours at 1100°C in wet H.S caused very little 
dimming of the fluorescence. Refiring at 1200°C o1 


higher in wet H.S again destroved the orange lumi- 


nescence. Apparently, the activation ener 


sire gx orange centers with H.O Ss apprec abDiy 
higher than that for forming them from nonlumi- 
} 
nescing mate al 


Some experiments were carried out which indi- 


ability of the orange centers to firing in oxi- 
dizing atmospheres 
ZnS: 10 
walled quartz tube and fired in H,S at 1100°C for 


\» hr to remove any adsorbed air or wate! 


Some preformed (unwashed) 
Cu orange phosphor was placed in a thick- 
Alte! 
cooling, enough pure sulfur was added to give about 
15 atm of S, at 1100°C (assuming perfect gas laws) 
and the tube was sealed off under vacuum. It was 
then placed in a furnace and brought up to 1100°C 
for 1 hr, cooled slowly, and removed. The product 
appeared essentially unchanged in fluorescent colo1 
and brightness from the starting material 

In order 
centers to reducing atmospheres, some firings were 
performed in H, and in Zn 
ZnS: 10 


to HLS firing technique) gave a product showing the 


to determine the stability of the orange 
vapor. Firings of 
Cu carried out in a flow of pure H, (similar 


orange emission. However the fluorescent color de- 
pended, at least in part, on the number of similat 
firings carried out in the same quartz tube. A series 
of three firings in one tube gave products which 
were in time sequence, blue (with some weak 
orange), pink (blue plus orange), and pink (even 
less blue). The part of the sample next to the walls 


was blue in each case. The blue fluorescence prob- 
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ably corresponds to 


under-coactivated Cu blue 
emission (see Fig. 3). A single firing in another tube 
gave a green-fluorescing product. Analogous ex- 
periments, using enough pure Zn to give 15 atm, 
gave nonuniform products which were sometimes 
quite green, but sometimes largely pink under u.v 
excitation. Apparently some coactivating impurity, 
present in the quartz walls of the firing 
tube, and a reducing atmosphere like Zn or H 
t Repeated 


like Al, is 
causes it to leach out into the ZnS:Cu 
firings seem to deplete this impurity from the walls 
and allow the normal orange fluorescent color to 
develop. It was difficult to reproduce these results, 
apparently because of a variability in the quartz fir- 


results indicate that orange centers are 
stable to reducing or oxidizing conditions. They sug- 


gest a different interpretation of the results of Riehl 


and Ortmann (3), who reported a green-fluorescing 
product from firing ZnS:Cu in H,. It seems quite 


possible that their product was contaminated with ¢ 


coactivater impurity 


Methods of Spectral Measurements 

The emission spectra were measured with a Per- 
kin-Elmer Double Pass Monochromator, Model 99 
The detector used for the visible region of the spec- 
rum was a 1P22 photomultiplier tube. In one spe- 
cial measurement, a DuMont infrared photomulti- 
plier tube, which gives response out to about 1.lz 
was used. For 3650A excitation, the output of an 
AH4 mercury lamp, passed through a 7-37 Corning 
filter, was focussed on the sample. For 3000-3500A 


1emal fluorescent lamp was used: 
the intensity of excitation was much lower with this 
source. The electroluminescent excitation was pro- 
duced by a 60 cps 500 v rms field across a 0.005 in 
phosphor-dielectric layer. The cathode ray spec- 
trum was measured using a 16 kv, 510% nonfo- 
cussed raster (130 cm‘). The spectrometer used here 
Was not calibrated beyond 7000A 

The monochromator (used for all spectra except 
the cathode ray spectrum) was calibrated with an 
incandescent lamp whose spectral distribution was 
known 


The calibration was expressed in a form to 


give fluorescent emission spectra as a plot of the 


plot of 
relative energy per unit photon energy interval vs. 

photon energy rather than the conventional relative 


energy per unit wave-length interval vs. wave 


length. When simple fluorescent emission spectra 
] iin the former units, they usually assume, 
to a good degree of accuracy, a symmetrical bell- 
shape or Gaussian form (4,5). Complex emission 
spectra can be resolved usually into a set of Gaus- 
sian curves. The positions of the emission peaks 
of spectra plotted in this fashion are, of course. 
slightly shifted relative to their positions on con- 
ventional plots. For example, the emission peak of 
the orange phosphor occurs at 1.84 e.v. (6750A) on 
he energy per unit photon energy interval plot and 
at 1.91 e.v. (6500A) on the energy per unit wave- 
length interval plot 
The excitation spectrum of the orange phosphor 
was determined by mounting the sample as a thin 
layer in front of the photomultiplier detector of the 


in 
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Perkin-Elmer spectrophotometer. A red filter next 
to the photomultiplier transmitted only the fluo- 
rescent emission. A projection lamp was focussed 
on the entrance slit. First pass and stray radiation 
were eliminated at the exit slit by means of suitable 
filters. Two runs were made; in the first, the radia- 
tion from the exit slit was deflected to the internal 
thermocouple detector by means of a mirror. The 
signal from the thermocouple as the spectral region 
of interest was scanned gave the intensity I, of the 
exciting radiation. In the second run, the light from 
the exit slit was allowed to fall on the sample. The 
signal from the photomultiplier gave the intensity 
I, of the fluorescent emission. The excitation spec- 
is a plot of I,/I, 


trum 


vs. photon energy 


Results 

In Fig. 1 is shown the emission spectrum of 
ZnS:1.5x 10° Cu’ (fired at 1100°C for 42 hr) under 
four different methods of excitation. The solid line 
is the Gaussian fitting the 
[—C(E — E,)*], where I is the emitted energy pe! 
unit photon energy interval, E is the photon energy, 


equation I =I, exp 


E, is the photon energy at the peak of the emission 
band, |, is a normalization constant, and C is related 
to the half-width, 2(E E,), of the band by the 
relation 

In 2 


(E,.- E.)’ 


For the emission band in Fig. 1, E 1.84 e.v. and 
2(E E,) = 0.62 e.v. The experimental points for 
3650A, 3000-3500A, cathode ray, and electrolumi- 
nescent excitation are plotted to show the accuracy 
of fit to a Gaussian curve and to show the near 
identity of results for different methods of excita- 
tion. The portion of the 3650A plot for photon ener- 
gies less than 1.7 e.v. was obtained in a separate 
measurement with the infrared sensitive photomul- 
tiplier tube 


In a formulas in this paper, the preceding the 
purit symbol refers to the ator frac dded t i 
the case of ZnS:Cu with no Al, the aton raction re > n the 
phosphor after the NaCN wash is about 30-40 of that added 
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Fig. |. Emission spectrum of orange fluorescing ZnS: 1.5 x 
)* Cu, fired at 1100°C. Solid line, Gaussian function fitted 
through the experimental points; open circles, 3650 A u.v 
«citation: full circles, cathode ray excitation; squares, electro 


3000-3500A uv 
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Fig. 2. Emission spectra of ZnS:10°* Cu at 78 and at 
300°K. and the emission spectrum of ZnS Ag at 300°K 


There is no detectable change in emission spec- 
trum when the frequency of electroluminescent ex- 
citation is changed from 60 to 5000 cps The electro- 
luminescent emission spectra of a few samples with 
higher than electroluminescent 


average response 


showed a shift of the whole orange emission band 
by a few hundredths of an electron volt toward 
higher energies compared to the u.v. excited spec- 
trum. This effect is due presumably to a perturba- 
tion of the energy levels in the activator centers by 
the high local electric fields present during elec- 
troluminescent excitation 

The spectrum of ZnS:Cu at 78°K is shown in 
Fig. 2. This, 


below, was obtained unde! 


as well as all other spectra discussed 
3650A u.v 
Here the peak is shifted to 1.78 e.v. and the half- 
width is decreased from 0.62 e.v. to 0.48 ev. It still 
approximates a single Gaussian band and no blue 
emission band is observed 

Since ZnS phosphors activated with Ag and Au 
and coactivated with Al or Cl exist and are 


excitation 


Ssim- 
it was decided to 
ZnS Ag and 


produced a yellow- 


ilar to coactivated Cu phosphors, 
attempt to prepare self-coactivated 
ZnS:Au. The ZnS:Ag firing 
emitting phosphor with a weak afterglow, whost 
spectrum is shown in Fig. 2. It is seen that the half- 
width of the band is about the same as that of the 
ZnS:Cu band, but the emission peak occurs at a 
(1.97 e.v.). This shift of the 
peak to higher photon energies is analogous to the 
shift from green to blue in coactivated ZnS:Cu and 
ZnS:Ag phosphors, and indicates that the Cu and 
Ag atoms are integral parts of the emission centers 
The ZnS:Au 
product 


higher photon energy 


firing produced a nonluminescent 

The series ZnS: 10° Cu, x Al was prepared in order 
to investigate the action of various concentrations of 
Al when these are below that of the Cu. The emis- 
sion spectra are presented in Fig. 3. The sample 
without Al shows emission only in the orange band 
The addition of as little as 10° Al is sufficient to 
give a blue band of greater peak intensity than the 
Further addition of Al almost completely 
eliminates the orange band and produces a green 
band in addition to the blue. With equivalent Al or 
greater, both the orange and blue bands become 
negligible compared to the green band 


orange 


> 
BE 
tion 
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In Fig. 4, the spectra of ZnS:9x 10% Cu fired ir 


H.S containing an increasing mole fraction of wate! 
re shown. It can be seen that the presence of water 
This action of 
le Orange centers might be due to one of 

inhibit the 


mation of orange centers, or it mav introduce a 


ynglv inhibits the orange emission 


+) 
somehow 


causes: the water may 


rge concentration of 


killer centers. The choice be- 
tween these two hypotheses will become clear in the 
1e results reported next 

9, the emission spectra of ZnS:1.5 x 10 

Al fired in H.S containing an increasing 
raction of water are shown. These plots are drawn 
that the area under each curve is proportional to 
relative total emitted energy. Several things are 
First, 
water content, the orange emission band is strongly 


sal 
reduced, while tt 


from the plots with increasing 
1e blue and green bands are in- 
creased. Second, the total emitted energy increases 
A replot 
of these data on the basis of number of photons vs 


somewha ith increasing water content 
photon energy showed that the total number of 
photons emitted remains constant, indicating a con- 
stant quantum effi ‘vy. Third, the ratio of blue 

emains constant. Apparently the 


water is specific for orange cen- 


Wowe 


24 
Energy 


Fig. 4. Emission spectra of ZnS:9 x 10° Cu fired in H.S 
containing variable amounts of H.O 
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Woveleng (A 


Relative intensity 


of ZnS: 


spectr 


rs; the hypothesis of water causing the formation 

killer centers, which should lower the over-all 
quantum efficiency, must be ruled out 

The excitation spectrum of ZnS:10° Cu, shown in 
Fig. 6, peaks around 3.3 e.v. (3750A), thus falling 
between that of self-coactivated blue at 3.65 e.v 
(3400A) (6) and green-emitting ZnS:Cu, Cl at 3.1 
e.v. (4000A) 

The diffuse reflection spectra of two samples of 
ZnS: 10° Cu, one fired in dry H,S and the other fired 
in HS saturated with water at room temperature 
are shown in Fig. 7. Both products show a very 
broad absorption band extending to about 2.1 e.v 
(6000A); this band is broader in the wet-fired sam- 
ple. The dry-fired sample shows in addition a nar- 
rower absorption band extending to about 3.0 e.v 
(4200A). This band seems to correspond to the ex- 
citation band for dry-fired ZnS:10° Cu, which in- 
dicates that absorption in the narrower band leads 
to the excitation of orange centers. The absorption 
between 3.0 e.v. (4200A) and 2.1 e.v. (6000A) can- 
not be explained at present. The absence of the nar- 
rower absorption band in wet-fired samples further 
supports the idea that wet H,S firing inhibits the 
formation of the orange centers. The presence of 
killer centers would not be expected to destroy an 
absorption band 


3 
Energy 


Fig. 6. Excitation spectrum of ZnS:10* Cu 
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Orange-fluorescing ZnS:Cu shows no afterglow 


but does show moderate infrared stimulabilitv (1) 


Preliminary glow curve work (7) reveals a 
cipal peak at around 400°K (about 0.5 ev.) h 
is shifted to lower temperatures by the addition of 


CdS. In under-coactivated ZnS:Cu, Al phosphors 
with the main emission in the green band but with 
some orange band emission, the phosphorescence is 
much stronger than in over-coactivated ZnS:Cu, Al 
showing only the green band. This phosphorescence 
is presumably due to the 400°K trap associated with 
the orange centers 

Investigation of the crystal structure of the 
orange phosphors showed that samples of ZnS:Cu 
with high (around 10° or more) Cu, fired at 1100°C 
and cooled normally are largely cubic in crystal 
structure. This is in contrast to samples containing 
low (10°) Cu or those with high Cu in which the 
Cu is completely coactivated by Cl or Al, which are 
hexagonal (8). Preparations of ZnS:10°* Cu, which 
are almost pure hexagonal, show a fluorescent emis- 
sion spectrum which is almost identical th 
cubic ZnS: 10 


sence of a shift in emission peak with change 


Cu (compare Fig. 1 and 3) 


crystal structure from cubic to hexagonal is in con- 
trast to the well-known shift of about 150A to 
shorter wave lengths found for the blue and green 
Cu emission bands. The fact that ZnS:Cu with high 
Cu is largely cubic in spite of being fired above the 
hexagonal-cubic transition point (1040°C) is be- 
lieved due to the excess Cu.S promoting the hexa- 
gonal-cubic transition during the cooling of the 
sample 

A shift of the orange band to longer wave lengths 
has been found for ZnS: 10° Cu prepared under very 
cooled rapidly from 1300°C 
(400A). The 
ample was fired in a special firing tube with a thin 
bottom, which was held in the hot zone of a vertical 


special conditions, i.e 


The shift amounts to about 0.1 ev 


tube furnace. To achieve the high cooling rate 
(about 1000°C/sec.) the firing tube was released 
and fell out of the furnace onto a metal point just 
above the surface of a container of water. The tube 
shattered, allowing the powdered phosphor to dis- 
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perse rapidly into the water. The 
is not vet known 


f this shift 


Discussion 

The variance of emission spectrum with method 
of excitation, the nonappearance of more 
band at low temperature, and the good fit to a Gaus- 
sian curve strongly support the idea th 
band is due to a 
An additional piece 
measuring the buildup and decay 3650A uy 
excited emission of ZnS:Cu with 


With 


a deep 


could reach the 


Was passed 
decay wel 


two Cases 


have at 


compare 
those 
lucead DY “Indirect acti\ 


Klasens (11). Self-coactivated 


addition of 10 
10 of added CdS is 
> well-known indirectly ac 

self-coactivated 

respects 

emission band is unusually 
y difference between excitation and 
peaks. Also, there is no difference in the 
positi f the emission peak between essentially 
hexagonal and essentially cubic products, as is 
found for the better known indirect activators. It is 
concluded that the self-activated phosphors can be 
considered to be indirectly activated but to differ 
in some details from the better-known members of 

this class of ZnS phosphors 

The specific effect of H.O (and other oxygenous 
agents) in inhibiting the formation of orange cen- 
ters is not completely understood. Some preliminary 
observations indicate that the H.O actually prevents 
the Cu.S from dissolving in the ZnS. Careful com- 
parison of a sample of ZnS:10°* Cu fired in dry H.S 


with one fired in wet H.S showed the latter to have 


— ~ =a 
‘ate 
1 138 
540} 10" 
| red fiiter at the detector. the filter in piace, 
l only the long wave-length part of the emission band 
Eee detector, whil without the filter the 
7 y entire emission band The time con- 
stants for buildup found to be 
Fig. 7. Diffuse reflectance spectra of ZnS:10°* Cu fired in nearly identical for the SEE, which would not 
pure Mi and in Miz> saturated with water vapor at room be expected if the orange band were a composite of 
t two bands due to two species of emission center 
t The temperature dependence of brightness of the 
orange emission was measured and found to be 
ee about the same as that of self-activated blue emis- 
sion (9). In terms of the Schén-Klasens (10) theory 
i“ of hole migration, this can be interpreted as mean- 
. ing that the ground states of the se lf-activated blue 
centers and of the orange centers must Hbout 
the same position with respect to the top of the 
ca filled band (about 0.4 e.v ibove it). The excitation 
spectrum qualitatively supports this conclusion, the 
q peak lying about 0.4 e.v. from the ZnS absorption 
edge 
In forming a theory of the orange center, it is 
reas operties of the orange 
vation”, discussed by 
Cu and ZnS: Ag 
at resemble this class in certain aspects. The relatively 
‘e small difference of 0.13 e.v. between their emission 
sai peaks suggests that the emission is more a property 
4 of the lattice itself than of the activator. Also, a 
preliminary experiment showed that the emission 
1s peak of ZnS:Cu is shifted from 1.84 e.v. to 1.71 e.v 
in 
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a lower reflectance to visible light. presumably be- 


cause of the presence of a greater amount of undis- 
solved Cu.S. When the two samples were ground 
in NaCN solution to remove excess Cu.S and refired 
at 1100°C in dry HS, the sample originally 
in wet H.S was the 


dimmer, indicating less Cu 


available for formation of orange centers. The wet- 
ired sample was found by chemical analvsis to con- 
tain only about half as much Cu 
Thus at least part of the decrease in ora 
emission in wet-fired samples can be correlated with 
a decrease in the concentration of dissolved Cu 

It is probable that a small amount of ZnO is 
formed in solid solution in the ZnS during a wet 
H.S firi 


A semiquantitative chemical analvsis of 


wet-fired ZnS: 10° Cu indicated that the concentra- 
tion of ZnO must amount to less than 10° mole frac- 
tion. Since the concentration of orange centers 


while being unknown, is expected to be of the order 


of 10°, it is conceivable that this 


mount of d 


al 4 
solved oxygen may associate with the Cu or the co- 
activating species so as to prevent the formation of 
range centers. A better oxvgen analvsis should 
help clear up this questior 
There is not vet sulhicient evidence t 
tne 1entit ft the ange cente n ZnS:Cu. It < 
De f some value however, to list all the 1 Tis 
which seem reasonably like ly; this has been done 
below. Models (II) and (IV) have been suggested 
previously by Kroger (12), and model (1). by Bow- 


ers and Melamed (2). All the models will here be 


USIOI € 1 (2) at no un- 
Palred ciec ns are voivea e orange centers 


The convention used in the above list for labelin 
imperfection or impurity centers in ZnS is as fol- 


subscripts s and i are used to designate sub- 
stitutional and interstitial positions. Zine and sulfur 
vacancies are written as \ and V,,. respectivel\ 


The superscript is the excess charge in the region of 
the species arising from donor or acceptor action in 
the sense used by Prener and Williams (13) o1 


Bowers and Melamed (2). For instance, substitu- 


tional Cu, having one less electron than Zn, must 
act as a single acceptor. It accepts one electron from 
the donor and thus takes on a single negative charge 
compared to substitutional Zn. A sulfur vacancy or 
an interstitial Zn acts as a doubly ionized donor and 
therefore takes on a double positive charge, while 
ionized donor. The 
positive charge on a substitutional Cu in model (V) 


interstitial Cu acts as a singly 


will be explained in a later paragraph 

In all the above models, the different species are 
considered as associated, that is, occupving 
tions in the close neighborhood of each other 


posl- 
This 
comes out of the following reasoning 
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It is generally agreed that the green center in co- 
activated ZnS:Cu is Cu. , with the coactivator. such 
as Cl, or Al,’, (a) randomly distributed with re- 
spect to the Cu, , or (b) associated with it (11). The 
former has been tacitly assumed in the past. A 

10del in which the Cu. and Cl, occupy second or 

third nearest neighbor positions was proposed by 
Prener and Williams (13). This association was pre- 
dicted on the basis of the electrostatic attraction be- 
tween the Cu, and the Cl,°. It will be shown that 
whichever truth, the species of the 
orange center must be associated 

Now models (II) to (V) each involve a Cu. 
Therefore, if the species are not associated. each 
model would yield Cu,, with the positively charged 
species randomly distributed. According t 


case is the 


postu- 
should then behave as a green 
lf-coactivated ZnS:Cu does not emit 
in a green band, one would conclude that the species 


late (a), this Cu 
Since s¢ 


center 


are associated 


If, however, it is true that electrostatic attraction 
between Cu and the coactivator leads to assocla- 


hen the species in models (II) to (V) should 
associated for the same reason. In this case. 

le peculiar nature of the self-coactivator must ac- 


unt to ine em 


ission spectrum differing so radi- 
en band found for the usual co- 


activators 


An analogous argument can be developed for 


model (I), where the V could lead to blue emis- 
sion band like self-activated ZnS, if postulate (a) 


4 


should be possible to 
+h 


choose 


among the models by predictir e free energies 


1g 
species and choosing the 


del which represents the smallest (positive) free 


energy charge is would entail a careful esti- 
mation of the rgy associated with interstitial 


vacancies, missing bonds, coulombic terms. 


entropy, etc. The ZnS lattice can probably be con- 


sidered as largely covalent in these estimates. al- 
though an ionic contribution may be important. The 


concept of donors and acceptors can be borrowed 
trom semiconductor theory to help understand some 
f the relationships (2). However. a limited ex- 
ploration of this method indicates no very great en- 


ergy differences among the different models 
It does seem that model (I) can be eliminated be- 
lowing considerations. Model (1) in- 
volves the same species as that proposed by Bowers 
and Melamed (2), but is associated, whereas they 
apparently assumed a completely dissociated model 
with the V.” accounting for the blue emission band 
they found in their samples. Since the blue band has 
been shown by this work to be due to impurities, 


cause of the fo 


their argument for this dissociated model is unsatis- 
factory. This model also seems improbable because 
it is likely that 


reaction 


energy could be gained by the 


Cu - > Cu, - Cu 


Here the energy of the system can be decreased by a 
interstitial 
into a 


Cu atom 
(which 


moving from an 


position 
may represent a strain) vacancy 


4, 
+} 
Ci 
assumed to adhere to the rule that no species may is true E: 
nave ur Da! cu ¢ | rons TI > I lit > ised I the Tr ) 
(1) Cu V Cu : 
(II) Cu V Cu | 
(111) Cu, - Zn Cu a 
(IV) Cu. - Cu 
(V) Cu Cu, 
A 
"3 
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where it can form bonds to the surrounding S 
atoms 

Model (V) involves oxidation of the ZnS as can 
be seen by writing the formal steps necessary to 
convert model (II) into model (V) 
2Cu, - V,°* > 2Cu, 2Cu,’-~ Cu, + Cu, 
In the first step, each Cu, acceptor transfers its 
electron back to the V,°* donor. A neutral S atom 
from the atmosphere then fills the V,. Then one of 
the Cu.” atoms acts as a donor, giving an electron to 
the other Cu,", which acts as an acceptor. The Cu, 
then is a substitutional Cu (with d shell filled), 
with both electrons missing from one of its bonds to 
a neighboring S atom. This model is attractive be- 
cause no vacancies or interstitial atoms are neces- 
ry. In addition, when associated in neighboring 

ns, the pair of Cu atoms may lower the en- 

rgy of the system by the resonance represented by 
equation 


This resonance might result in a set of energy levels 
quite different from those of a hypothetical system 
with Cu, and Cu, separated, with no resonance 
occurring. These levels might account for the pe- 
culiar properties of the orange center. The weakness 
of this model is the fact that the orange centers are 
stable to firing in a reducing atmosphere, a condition 
which should inhibit the necessary oxidation stey 
shown above 


Conclusions 

1. The emission of self-coactivated ZnS:Cu con- 
sists of a single broad band peaking at 1.84 e.v.; the 
presence of other emission bands can be attributed 
to coactivator type impurities 

2. An analogous silver-activated phosphor can 
be prepared with an emission peak at 1.97 e.v 

3. The position of the self-coactivated ZnS:Cu 
emission peak does not change with crystal struc- 
ture, but does shift with CdS addition 

4. Orange centers are insensitive to oxidizing 
and reducing atmospheres 
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5. Orange centers do not form in the presence 
of traces of oxygenous impurities in the firing at- 
mosphere; once formed at 1100°C, however, they 
are stable to these impurities at 1100° or lower 

6. The orange center is probably completely as- 
sociated, has a ground level about 0.4 e.v. from the 
top of the filled band and a trapping level about 0.5 
e.v. below the bottom of the conduction band 
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COPPER PHTHALOCYANINE 


Structu 


Conductivity and Energy Gap Measurements of Some Relatives 


Phthalocyanine 


Wolfgang Felmayer and Irving Wolf 


Materials and Processes Laboratory, General Electric Company, Syracuse, New York 


ABSTRACT 


The electrical resistance of samples of powdered copper-phythalocyanine, 
platinum phthalocyanine, highly chlorinated copper-phthalocyanine, and of 
two polymers of copper-phthalocyanine were measured at various temperatures 
in a nitrogen atmosphere 

All of the compounds showed semiconductive behavior. The highly chlo- 
rinated copper-phthalocyanine and the platinum-phthalocyanine had approxi- 
mately the same resistance as the copper-phthalocyanine, whereas both 
polymers had lower resistances—one of the polymers having a resistance of 
about 10° that of copper-phthalocyanine at various temperatures. Some the- 


oretical implications of the above facts are mentioned in this report 


36 Robertson (1) reported the crys- “energy gaps” determined from the different meas- 
several metal substituted phthalo- urements, in additi 


ll as phthalocyanine itself. These point 


compounds are well-known pigments which are cvanine 

structurally related to the naturally occurring por- Many, Harnik, and Gerlich (5) made rough cal- 

phyrins. The structures of phthalocyanine and cop- culations of the “mobility” of the carriers in phthalo- 

per phthalocyanine are shown in Fig. 1 cyanine, copper phthalocyanine, and many 
Vartanyan (2) and Eley (3), working independ- polynuclear organic materials. The values they esti- 

ently. found the exponential relationship between mated were 1 cm’/v/sec for phthalocyanine and 10 

conductivity and the reciprocal of the temperature cm’/v/sec for the copper substituted compound 

for phthalocyanines; from this and other observa- n this work, temperature-conductivity measure- 

tions, they each concluded that phthalocyanines act ments have been made on powder samples of copper 
ke intrinsic semiconductors phthalocyanine and a number of relatives o 
Kleitman (4) reported temperature-conductivity compounds differing only in crystalline arrangement 

measurements for single crystals of phthalocyanine or molecular structure 

ind copper phthalocyanine, as well as absorption The results on each material can be expressed by 

spectra and photoconductivity measurements of a relation of the form 

smeared films” of phthalocyanine. He compared 


and the conductivity extrapolated to infinite tem- 
\, - perature which may be presumed to depend on the 
total carrier concentration and on th 
i itv. The various materials are thus conveniently 
compared in terms of these parameters 
x The compounds studied besides copper phthalo- 
cvyanine were chlorinated copper 
— platinum phthalocyanine, and the two polymers of 
copper phthalocyanine. This was done in an attempt 
to discover what effect the differences between the 
compounds might have on the “energy gap” and 
“relative mobility” of the carriers 
~ ; through this, some insight into the nature of the con- 
Chlorinated copper phthalocyanine—The chlori- 
— 
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t contact rectifier from a pressed pill of phthalo- 


where « may be considered the apparent energy gap 


e carrier mobil- 


phthalocyanine, 


It was felt that 


nated copper phthalocyanine molecule has chlorine in 
place of the hydrogens which surround the molecule. 
~~ On the average, 15 out of the 16 hydrogens were re- 
placed by chlorine. If the energy gap or mobility de- 
pends on activity at the edges of the molecule, the 
ral formulas and starting compounds replacement of the hydrogen should vastly affect it. 


2 
f 
we 
In 
tal 
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PLANE 


COPPER PHTHALOCYANINE 


aan 
i 


COPPER PHTHALOCYANINE 


265° 


PLATINUM 


phthalocyanine.—The platinum 


i 
crystalline arrangement 
compound in that the angle with the b plane 


(see Fi 


ig. 2) differs from that of the latter conside: 
ably. Thus, if the energy gap or mobility depends on 


specific atoms in one molecule in being 


1a “stack 


lined up with specific atoms of reighbor in front 


of or behind it, the variation 
affect it 


» should greatly 


— 


COPPER PHTHALOCYANINE POLYMER 


Structure of polymer and starting compounds 
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Polymers.—The polymers (see Fig. 3) differed from 
the monomer in size; the molecules of the former 
probably “stacking” just as the latter. As in the 
chlorinated compound, if the activity were edge to 
edge, some very substantial effects should be noted 
on energy gap and mobility 

Thus, it was felt that the comparisons described 
above would provide some early indications of the 


i 


ure hy > } “ple 
nature of the large motion from molecule to 


molecule 


Experimental Results 
Copper-phthalocyanine 
take resistance vs. tempel! 


nultiply vacuum-sublimed 


iil 


crystal powder. The purpose of 
was to compare the results with exi 
ments id thus test the procedure an 


used in this work (see Fig. 4). The samples measured 


all loose powders under low compacti 
re (about 8 psi). It was noted that the 
lid not vary appreciat unor { 
is. The resistances given 
in diametet 


iectrodes were 


measurement 


measure tempel 


constant! t r f about 10 


a) Me < 


Increasing 


istances (Fi 


racy eacn of 


Was MeCasul 


linear 
showe d 


istances differed by 


lalocvanine 
hthalic acid, 
phthalamide, showed the same semi- 


conductive behavior deviations were due 


#9808 


easurement apparaty 


142 
) 4 
( \. y CA 
{ 
t step was to 
easurements on 
-phthalocyanine 
neasurement 
& measure- 
julpment 
f 
\ 
pres- 
sistance 
e varia- 
t ere for 
54a* 
~ nately 1 
= PLane Tia To avolia 
irregularities Of during the first run 
? ALOCYANINE (4). the samples were heated directly uy » 340 ¢ 
Fig. 2. Geometric positioning of molecular planes in crysta in a nitrogen atmosphere; then the resistances were 
ature was decreasing 
Platinu Hee ¢/min in intervals 
cyanine of 10 C (Fig. 5, curve HAsurements taken 
copps juring constantly showed 
hghtly higher curve b). For 
; final data the samples were reheated to at least 
three different temperatures for the sake of accu- 
a4 mu these temperatures was maintained for 
n ang qi approximately half an hour before the resistance 
Hy. ned. This method led to readings (Fig. 5 
curve c) which lay between those of the first two 
runs curves in the log vs 
1/T diagran me slope, while their re- 
“coon a constant factor due to tem- 
, perature lags in the sample Therefore, the middle 
curve Was considered to be the most accurate one 
/ 
» 
Ce 
— 
Br C ¢ 
“wert 
wearer = 
vane 
‘ 
Fig. 3. Fig. 4. ot 
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pigment 


certal 


aiways in good ag! 


study the most effective 


1 experiments were perform 


imed copper-phthalocvanine. Even 


‘rvstallization from 


roved to be 


and holding 
atmosphere resulted 
tr stance vs 


n } 


in 


aiocvanine 


res! 


Hourly checks 
ideal 


A further heating of 


a constant approach to the curve, whi 
reached after 5 hr 
brought no change 

Chlorinated copy 


(about 


er-phthaloc 

per hhthalocvanine 
molecule) copper-phthalocyanine (du Pont Monas- 
tral Fast Green G) was purified carefully 

by treatments with HCl and NaOH. In addition, 
product was extracted with boiling alcohol 
350 C in 


rinated Cl-atoms 


15 


the 
A treat- 
subli 
After some hours the first 


ment at vacuum still gave some 


la- 
tion of a white material 
resistance vs. temperature measurements were taken 
(Fig. 6, curve a) 
to 500°C 
this curve toward the normal copper-phthalocvanine 
log 2 over 1/T curve. (Fig. 6, c) 
sublimation of copper-phthalocvanine was found in 
the tube, it is that chlorinated copper- 
phthalocyanine splits off some or all of its chlorine 
atoms. The looked much bluer than 
the original sample and had characteristics given in 
curve d of Fig. 6 

Thus, for this compound, that 
decomposition accompanied purification and the data 
obtained should be understood to be that 
tially dechlorinated molecule 


Further heat treatment in vacuum 


up however, resulted in an approach of 


curve b, Since a 
assumed 


residue. also, 


indications were 


of a par- 


In general, it may be 
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ted copper-phthalocvanine 


> same 


ithalocvanir 


ry) 
phthalocyanine 
As 


though th 


Lait 


cvanines 
even 

stacked” fashion, 
plane of 26.5 


phthalocyanine. Al 


only 


ined were simula! 


some resistance 


multiply 


made. Results are given in Fig 


o1eculal 


thev are 


molecules are 


Instead 


shows 
per-phthalocvanine 
(see Fig. 6) 
By x-ray examination 
1e crystals, Robertson (1) 
platinum- 
to the other phthalo- 


however, 


as COp 


structure of 


structure, 
rranged in a similar 
(b) 


re 


angle to the 


of 44.2 


as 1n 


the other phthalocyanines exam- 


Vs 


sublimed 


ture on semiconductive pr 


temperature 


he effect o 


the copper in 


crystal struc- 


operties of phthalocvanines, 
measurements on 
were 
7 and compared with 


Fig Comparis« 


Pt-phthalocyanine 


+ 


results for Cu-phthalocyanine with 
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j 
/ 
/ 
/ 
f 
. 
‘ P 
\ 
Fig 5. Resistance of Cu-phtholocyonine reciproca 
tempercture 6 mpor r # results for Cu phthalocyanine with its 
rinoted c nterpart 
to poor purity of the ggg. Even after the first os 
. 
vacuum sublimation Hn irregularities were said that chlorina 
sometimes found, while the results after a second them activation . 
and third sublimation were itself and about 1/10 the 
ment Platin in”? -phthaloc 
In order t0 purificatior of platinum 
methods for nonsublimable phthalocvanines. a series ral 
Of purlficat sed on non- ry sin 
multiple re- crystalling 
precipitation o Mn concentrated é 
sulfuric acid ifficient. Bringing the at 
" 
sample uj re for several 
hours in 1 n a product ia 
of which ure measure- this respect 
ments were MEE agreement with those of sub- \ the 
limed copper-} howed 
10 hr st. : 
‘ 
“ 
/ 
4 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


er-phthalocvanine ie difference 


n absolute esistance value conciusion 


was reached that the angle with th plane 


those in other, behind o1 


luence on the 


slope of both curves 


very surprising, as the same effect was know! 
phthalocyar magnesium-phthalocyanine, 
imilar compour when compa! 

or with phthalocyanine. Tht a cert 
fluence th tral atom on the band gap 
expected 


Polymer copper-p/ thalocyanine Although 


not possible give definite statements about 
structure he polymer phthalocvanine 


and physical examinations indicate 


‘arboxyl groups of pryomellit« 


in a way similar to the reaction of the 


two carboxy]! groups of phthalic acid when phthalo- 


cvanine is formed. In this way a polymer phthalo- 
cvanine is built up. A combination of elementary 
analysis and theoretical calculations lead to the indi- 
cation of a model of at least ten 


phthalocyanine molecules 


closely 


packed 
Since former experiments have shown that the 
reaction temperature has considerable influence on 
this kind of phthalocyanine condensation and also 
affects the polymolecularity, two parallel condensa- 
tions were 
$50 C 


started, one at 250°C and the other at 
Comparison of the 250° polymer and the 350 
polymer.—All of the experiments led to the conclu- 
ion that the 250° polymer had a higher molecular 
weight than the 350° polymer. The chief indications 

resistance vs. temperature measurements, vis- 

measurements in solution, and copper-analy- 
é A further confirmation might be expected from 
total elementary analysis. The importance of the 
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Table | 


npound 


Copper phthalocyanine ¢ 0.83 3.82 
Platinum phthalocyanine 5: 13.92 0.229 
Chlorinated copper 

phthalocyanine 0.09 35.0 
Lower polymer (350°C 9: 31.9 0.10 
Higher polymer (2 - 


250°C) 50.2 0.063 


latter, however, is rather small since the data for 
C, H, N, and O show smaller changes with the poly- 
molecularity than the copper data 


> 
Resistance vs. mperature 


Gils 


8 shows that both the slope and conductivity for the 


350 polymer he between respective data for the 


polymer and the monome! 


copper-phthalo- 
The comparison of the band gaps of the 


gaps 
condensed 


ncreast 


Comparative Results 
listed for each 


Wi 


responding t A com- 


alues indicates no vast difference 


that the rinated substituted 


compound has about 10 times the «, of the 


stituted, and the high 


unsub- 
polymer 
lower than the monomer, bi 


value 60 times 
differences are 
to be much smalle1 would be expected 


rge transfer were 


actual mechanism 
altered 
Since the carriers are probably pi-electrons, whost 
density is roughly proportional to the density of the 
materials, and since these densities vary only slightly 
compared to the variation of «.’s observed, the rela- 
tive values for «, might also be considered a good 
indication of the relative values of carrier mobility 
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The Concentration of Hydrogen in Nickel under Hydrogen lon 


Bombardment 


J. Morrison and J. J. Lander = 
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey a 


ABSTRACT 


Concentrations of hydrogen dissolved in nickel under hydrogen ion bom- 


dbDarament Nave ven measured using a nickel diffusion tube as the cathode in 


a glow iischarge N« increase above the normal was observed when clean 
nickel was bombarded. Increases of several orders of magnitude were ob- 
tained in the range near 200°C when the nickel was coated with nickel oxide 
r barium oxide. It is believed that energetic ions penetrate the outer surfaces 
f these materials efficiently and are then trapped in the interior by surface 


Vaiues 


It has been found that high concentrations of hy 


- increases in concentration of hydrogen in Ni were 
drogen can be produced in ZnO by hydrogen ion with NiO on Ni and with BaO on Ni. Fol- 


bombardment (1). For example, bombardment at s the previous work on ZnO. it is proposed that 
200 C with hydrogen ions can produce a concen- the surfaces of these oxides are easily penetrated by 
tration five orders of magnitude higher than the con- energetic ions, but they act as effective barriers to 
centration obtained when an equal number of norma! the escape of hydrogen molecules. No increase in 


ty rf 


1: molecules strike the surface. This behavio: concentration was detected when the Ni was “clean.” 


results from two factors: (a) ions of sufficient velocity 


Apparatus 


penetrate efficiently a surface barrier to normal re- 

action, and (b) the barrier to escape of dissolved The work was carried on with the system shown 
hydrogen is high. In general it is expected that it schematically in Fig. 1. Hydrogen from a tank was in- 
systems where such surface barriers are high, rela- troduced through a stop-cock to a spiraled tube of Ni 


tively large internal pressures of hydrogen can be This Ni spiral was formed of six turns of approx! 


venerated by hydrogen ion bombardment mately 3 cm diameter from tubing measuring 45 

In the work on ZnO concentrations of hvdroger mils outside diameter and 2 mils wall thickness. An 
were determined by measurements of conductivity electrode of 60 mil Ni rod was mounted parallel to 
This was possible hence hydrogen forms a demain the spiral and about 1 cm distant from the top of 
with convenient properties. In this work steady- the spiral. An oil manometer using Octoil S and a 
state diffusion rates of hydrogen through a Ni tube Pirani gauge were used to measure the hydrogen 
under hydrogen ion bombardment were measured pressure. A small cold trap was in the line near the 


In the steady state the quantity of hydrogen flow- 
ing through such a tube ts 


Q = CDtA/d (1) 


where Q is the quantity In cc mm (a cc mm 1s 1 cc 


at 1mm pressure), C is the concentration in cc mm/cc ' J 

of Ni. D the diffusion coefficient in cm’/sec, t the %t 
time in seconds, A the area of the tube in cm’, and vacuuM 
d the thickness of the tube in cm. The concentration FUSION 


at the exit side is assumed to be relatively low 
Bombardment by hydrogen ions was accomplished 
by using the Ni tube as cathode in a glow discharge 


MANOMETER 


This work has shown the importance of oxide 


films on Ni under hydrogen ion bombardment. Large Fig. 1. Schematic of experimental apparatus 


as 
a 

barriers These data show that normal mais of concentration cannot be - 

applied to nickel and probably many other metals operating under hydrogen - 

on bombardment if their surfaces are contaminated : 

is 

*RaP 

. 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


tube containing the Ni spiral. This part of the svstem 
could be evacuated to a good fore pump pressure 
before flushing and filling with hydrogen 

One of the ends of the spiral was sealed and the 
other end connected to the gas measuring system it 
which a small Hg diffusion pump was used to evac- 
uate the inside of the Ni 
was pumped by a Toepler pump into a calibrated 
volume 


tubing. The gas removed 


Techniques of Measurement 
Quantity of gas.—The quantity of gas collected in 
a 3-min interval was measured in the calibrated 
volume After measurement it was pumped away 
through a system to which a mass spectrometer and 
an lonization gauge were sealed. The background 
pressure in this vacuum system was 2-3 x 10° mm 
Temperature.—Change in the average tempera- 
ture of the Ni spiral was determined by measuring 
its change in resistance with a calibrated ammete: 
and voltmeter. A curve was drawn using data ob- 
tained from the International Critical Tables for the 
temperature coefficient of resistivity and the ob- 
served value of resistance of the spiral at room 
temperature. The spiral was heated by eithe 
glow discharge, by passing current through it, 
a combination of the two 
Blank determination.—The gas evolved by the 
spiral and associated equipment at room tempera- 
ture after it had been outgassed and conditioned was 
collected for a 3-min period. This quantity was neat 
0.01 cc mm and was relatively steady. This figure is 
also near the limit of sensitivity of the apparatus 
since it corresponds to 3 min of Hg on the measuring 
pipet. The blank was frequently checked, not only 
with the Ni at room temperature but also when it 
was at much higher temperatures in hydrogen at 
very low pressure 
Pressures of water vapor.—Four different pres- 


sures of water vapor were used during the experi- 
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mental determinations. A drop of water was placed 
n the cold trap located near the experimental tube 
Liquid Ni was used to attain what is called zero 
A CaCl, bath at —51°C was used to hold 
wate! 0.026 mm. An 


alcohol-ice mixture was used to attain a tempera- 


pressure 
the pressure of vapor at 
24 C and a vapor pressure of 0.53 mm 
ice water bath at 0 C gave a vapor pres- 
3.8 mm 


films During the course of these studies 


it was found desirable to oxidize the Ni spiral and 


later a Ba film which was deposited on the cl 1 Ni 
The Ni was heated to about 400°C in air to obtain 
a visible NiO film 


ing in hydrogen. The evaporated Ba was converted 


This could be removed by heat- 


to a visible oxide film by admission of air 


coefficient Exploratory 


measurements 

tial transients gave values from which hvdrogen 
diffusion coefficients were calculated. These were in 


2). and Hill and Johnson 


values hi: been used draw th 


agreement with Euringer ( 
has been used 


concentration was cal- 
a 


te quantity of gas flowing 


(I). The concentration is 


1.36x 10°Q 


where the values t 

0.0050 cm have been substituted ul measure- 
hvdrog t mm Hg, no 
bombardment and various temperatures 
n Fig. 2. These are to be compared with values 
given by Barrer (4), which have been corrected to 


0.67 mm of hydrogen by assumin 


ments made 


given 


ion Is proportional to the square 
pressure. The authors’ values are 

of about two. The reason for this discrepancy was 
not discovered. The results were very reproduciblk 
and independent of the cleanliness of the Ni tubing 


Results of Hydrogen Bombardment 


“Clean” nickel After the concentration 
mal hydrogen was determined the effect of a 
discharge in dry hydrogen was studied. The results 
were not reproducible. There was a tendency for 
large quantities of hydrogen to flow during an initial 
period of bombardment, but on prolonged bombard- 
ment the flow would ultimately drop to that obtained 
without the discharge. Since the effect of bombard- 
ment should be to clean the surface of the Ni by 
chemical reduction and by sputtering, it was con- 
cluded that the initial effects were due to surface 
contamination and that effects due to bombardment 
of clean Ni were too small to be measured 

Nickel plus nickel oxide.—Since there was no in- 
crease in concentration under hydrogen ion bom- 
bardment of clean Ni at temperatures up to 182°C, 
it was decided to bombard oxidized Ni. An objective 
was to determine if the initial results could be re- 
peated and made reproducible. Bombardment of 
oxidized Ni in the same temperature range increased 
the initial flow but again the flow could not be main- 
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tained. During these tests liquid nitrogen had been 
on the cold trap. The liquid nitrogen was removed. 
a few drops of water were placed in the rap and 
it was surrounded by an alcohol-ice bath. Hydrogen 
Was admitted to a pressure of 0.67 mm and the glow 
discharge started Immediately the quantities col- 
lected were much larger than those collected at the 
same temperature in the absence of the discharge 
and the results obtained were reproducit 
ently the two conditions necessary 
concentration were the oxide film and enoug 
Vapor o1 oxidizing gas to maintain t 
in the presence of the reducing action of 
discharge. The flow of hydrogen through 
neasured for a range of temperatures and pr 
of water vapor as well as different current densities 
of the glow discharge 
Nickel plu: tum oxide The tube 
opened and two 5-mg 
he upper electrode wi 
position, 


flashed th 


600 -700 C and 


produced a st 


lv. However 


could be m 


Summary of Results 
A representative picture 
over-all is shown in Fig. 3, where the 
centration ce of Ni is plotted as a function 
of the recip: nperature. The lowest curve 
shows the 1 I line or the concentration of hy- 

vy 0.67 mm of dry hydrogen. The 


ther two curves show the concentrations obtained 


with bombardment by hydrogen ions under the con- 
ditions noted. In the temperature range studied there 
is a definite increase in concentration as the tem- 
perature is lowered. The BaO on Ni resulted in 
somewhat higher concentration than for NiO on Ni 

Water vapor pressure.—The effect of Vapor! 
on the concentration of hydrogen ions in the system 
NiO on Ni 
for the increase in concentration (AC) are plotted 
for temperatures of 115° and 182°C 

es higher than about 4 mm could not be deter- 


is shown clearly in Fig. 4 where curves 
Effects of pres- 


mined because a proper glow could not be main- 
tained 

The question might be raised as to the effect of the 
water vapor alone on the Ni. This condition was 
studied and at 3-4 mm pressure of wate vapor and 
temperatures as high as 450°C, no reaction was ob- 


CONCENTRATION OF HYDROGEN IN NICKEL 


bombardme 


served which resulted in the diffusion of hydrogen 
through the Ni 
and 450°C the diffusion of hydrogen was observed 
but it was completely stopped if the Ni was oxidized 
visibly 


At 24 mm pressure of water Vapor 


Current densitu o giow discharge 


The effect of 
le Current densit 


ation is shown Concentration increased 


inearly with inc ig current density at low cur- 
rent densities but saturated ultimately. For BaO 
on Ni in dry hydrogen at a pressure of 0.67 mm, 
saturation was observed in the range from 0.1 to 
0.5 ma/cm 

Conclusions 


1. In order to relate results obtained by ion bom- 
bardment with normal concentration. concentrations 
are compared for equal numbers of atoms striking 
the surface. On this basis bombardment has in- 
creased the concentration by about four orders of 
magnitude in the range near 100°C 
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2 a 
side i the tube, that when Ba evolved 
coated most of the tubing. The system was pumped 
arament compored with norma -oncentroa na on 
and the Ni t rought to a clean state The getters were tem 
emperature 
Mashed until there was a visible film of Ba on the a: 
glass walls. After oxidation a thin white film of BaO 4 
could be seen on the Ni. It was found that the oxide { i“ 
had no effect on the normal flow of hydrogen. but 7 
that under bombardment higher concentrations were 
found than with NiO on Ni. In all these tests wit} — ; . . y 7 
BaO dry hydrogen was used and the results were a 
y 
It was found that a series of evclic tre atments suc} 
as heating bombardir it high f 
rding at high 
n n ate in con- 
centrations three I times greater tt il st 
founda rr } 
ound previous this was an unstabk 
4 
) > ; } 
conaltior and tained for oniv a few 
4 «i 
4, 
oe 
F 
9 4. Effect of water vapor on Ment enhonced 
concentrot nm of hydr sen in Nj 
= 


° 
Sher of t density of the glow discharge 
2 Jombardment also produces a reversal in the 


temperature coefficient of concentration. The differ- 
ence in slopes is a measure of the barrier to escape 
This barrier is found to be about 0.35 
e.v. for both NiO and B2O on Ni under the conditions 


these experiments 


of hvdrogen 


3 Because no effect was observed with clean Ni, 
is concluded there is no large barrier to the escape 
of hydrogen from a clean Ni surface 

+ It is interesting to note that in flowing through 
the system the hydrogen must pass through the ox- 
ide to Ni interface. If a high barrier to flow existed 
here the very large increases in concentration could 
not have been obtained 


5. These experiments do not tell the state of hy- 


drogen in the films. It is not unlikely that part or all 
of the film of BaO was converted to Ba(OH), by 


phosphorus into high-grade iron fo! 
slag that might be used as a fertilizer 
consists in continuously smelt f 
lining: walls of graphite, 
a hearth of magnesite, 
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bombardment, since this is a relatively stable com- 
pound under the conditions of these experiments, 
and because the small amount of oxygen required to 
form the hydroxide was probably present in the sys- 
tem. Where NiO was the starting material relatively 
high pressures of water were required to produce the 
enhanced diffusion rates, and under these conditions 
Ni(OH) 


mechanism in both surface films is believed to have 


is expected to form. Thus the transport 


been proton migration in imperfect hydroxides. It is 
believed (because of the work with ZnO) that pro- 
ton migration in the oxides can also take place 

6 These results show conditions for concentrat- 
ing much larger quantities of hydrogen in Ni than 
can be obtained by exposure to normal hydrogen 
From these data it is clear that normal values of 
concentration cannot be applied to Ni and probably 
many other metals operating unde 


bombardment if their surfaces are contaminated 


Manuscript received Aug. 27, 1957. This paper was 
prepared for delivery before the Washin 
May 12-16, 1957 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
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Wilson Dam, Alabama 


A process and furnace were developed for converting byproduct ferro- 


ine 


metallurgical purposes and phosphatic 


animal-feed supplement. The process 


ing ferrophosphorus with calcined, siliceous iror 


ore and burnt lime in an electric furnace. The furnace has a two-component 


which resist corrosion by molten phosphate slag, and 


which resists attack by iron of low phosphorus content 


In pilot-plant tests in a 2-meter diameter by 1.5-meter furnace operated at a 


power input of 350 kw, best results were obtained with about 100 v betwee: 
The product iron conteined 0.5% P and the slag contained 


the two electrodes 


22% citrate-soluble P.O 


The Tennessee Valley Authority has developed a 
process and a furnace for the utilization of byprod- 
uct ferrophosphorus in the production of high-grade 
iron for metallurgical purposes and phosphatic slag 
that should be satisfactory for use as fertilizer o1 
animal-feed supplement. The process involves smelt- 
ing ferrophosphorus, siliceous iron ore, and burned 
lime in an electric furnace. The reaction approxi- 
mates the following equation: 
6Fe.P + 5Fe,O,-3Si0O, + 15CaO 

22Fe + 3(5CaO-P.O.-SiO.) (1) 


This process was identified a number of years ago 
(5). However, it was not considered technically fea- 


sible at that time because of the severe attack of the 
molten iron and slag on the lining of the furnace. No 
single refractory material, including rammed mag- 
nesite, magnesite brick. chrome ore, zircon brick, 


id graphite, resisted the corrosive action of both 
the slag and iron. Work by the Bureau of Mines (2) 
and others (3) interested in processing ferrophos- 
phorus also failed to define a satisfactory refractory 

In recent work here, the refractory problem was 
solved through the use of a two-component furnace 
lining. Graphite, which is resistant to corrosion by 
molten phosphate slag, was used to line the walls of 
the furnace, and magnesite, which resists attack by 
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be 
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were connected to opposite ends of the secondary 
winding of the power transforme: Operation with 
50 to about 100 v between electrodes, or 25 to about 
90 v between each electrode and ground, was possi- 
ble. The electrical system used has been described 
previously in an article on the pilot-plant produc- 


tion of aluminum-silicon alloy (4) 


Pilot-Plant Tests 
ix tests, which totalled 563 hr of 
made ith the new furnace. The 
raw mater! i errophosphorus contain- 
ing 24.4", P, lime containing CaO, and calcined 
Ntailning 59 Fe (Table I). Calcined iron 


used because, in exploratory tests, uncal- 


caused boiling of t 


iling 1e slag and poor furnace 

The ore was calcined in a 0.76-meter 

gas-fired, pilot-plant 

ts of tests m for the produc- phosphor nd the calcined iron > were crushed 
ron and phos; hate slag 


Pile 


rus content, was used to line the 


describe new 


used. The lime was 
cad ; mater ] Th at iz 
rcnasea 2 I 1 Material ne materials 
The Furnace 
re premixed in the desired proportions before be- 
iurnace 1s 3 
char ine iurnace 
irnace 


The power input was Kept 


at about 350 kw. Al- 
though this power input may have been somewhat 
less than optimum, the pilot plant not equipped 
handle the large: en slag and 


iron th would have been produced with more 
ring Was iocated ine 


shapes, 


f 
Quantities of molt 


and a water-collection trough was ; : 

Best results were ined with about 100 v be- 
tween electrodes aisO Was satisfactory 
Vv were used, the elec- 
furnace and caused boil- 
m the electrodes was 
\ ron ; 5 result 

pnorization r Decause Of preferential oxi- 
rth to approximately the 


that dephos- 


level. It S recognized that a small 

h furng perated tinuously and was 
magnesite lining would be exposed to q 
however, it was anticipated that the ex- 


adjact nt 

was 

fi tapped into t-iron ill in which it was per- 
rhe tapping block for slag was made from a sec- the 
f th 


30-cm graphite electrode with a 5-cm taphol 


$1Z he was tapped int reheated crane- 
It was fitted with a water-cooled : PE 
3 as t ladle and then was cast into 34-kg pigs 
bronze tapping monkey. The tapping block for metal 
was made from magnesite brick and was wate! Effect of Burden Composition 
cooled 
<i Equation (I) indicates that. for dephosphorization 
[Two 30-cm graphite electrodes were located on 
. terrophosphorus, the stoichiometric requirement 
‘O-cm centers an equal distance from the furnace 
lied to th Iron oxide is that necessary to oxidize the phos- 
center line. Single-phase power was supplied to the * ce 
; il ; PF phorus to P.O.. Also, the equation calls for 5 moles 
furnace through a voltage regulator, an autotrans- 


CaO and 1 mole SiO, per mole of P.O. which is the 

ormer, and a power transformer. The electrodes é de : . 
: relationship for silicocarnotite (6). Since the pro- 
ortion of S10, supplied in the charge materi yas 
that 1 mole of CaO should be provided per mole of 
510, and 4 moles should be provided per mole of 
in P.O.. However, in the pilot-plant tests, excesses of 
244 CaO iron ore and lime were required to obtain satisfac- 
68.6 co tory furnace operation and products of the desired 
3.0 MgO ‘ chemical composition. Exploratory tests showed that 
2.4 oo ‘aC 135 of the stoichiometric proportion of iron ore 
- ~s Ps 0.1 ap was required, and this amount was used in most of 

Ignition loss 1.1 Other ‘ the subsequent work 


| 
} 
— 
- 
Fig Furnace crucible used in the production of iron and PS 
pnospnoate Og Dyproduct 
iron of ! oa 
hearth 
Tr 
furnace 
Of 
A sectional view 
shown in Fig. 1. The i 
was 2 meters and the dept! a3 
wall Was made of 30-cn 
which were supported on tl . 
Overlapping spring-loade 
place. A water-spray a 
tam of the 
top of the furnace ‘ 
iocated just above 
on 
he hearth, wt 
consisted of 7.6 
around he sides os 
nesite DrickK, and 
the walis, the ran 
above the floor 
slag-tapping 
re 
area of the : 
molten slag 
pe 
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Figure 2 shows that the phosphorus content of the 


on decreased to 0.5 


increased to about 110 of the 


When 


above 


stoichiometric re- 
quirement the 

120 of 


lag in the furnace 


proportion of lime was in- 
creased to 
cosity of the s increased, with the 
result that furnace operation was poor and the phos- 


phorus content of the iron increased 


Length of period, hr 117.5 
Total time of operation, h: 110.4 
Operating time, ‘ 94.0 
Charge proportions, kg 

Lime 

Ore 
Ferrophosphorus 


1275 
1800 
1000 


Consumption of charge 


Lime, kg/hr 


Ore, kg/hr 
Ferrophosphorus, kg/hr 
Lime, kg/metric ton of ferrophosphorus charged 


Ore, kg/metric ton of ferrophosphorus charged 
Ferrophosphorus, kg/metric ton of iron produced 
Iron production rate, kg/hr 
Slag production rate, kg/h1 
Power consumption, kwhr/metric ton of 
ferrophosphorus charged 
Graphite electrode consumption 
kg/hr 
kg/metric ton of ferrophosphorus charged 
Temperature of iron as tapped, °C 
Temperature of slag as tapped, °C 


Iron recovery, kg/metric ton of ferrophosphorus charged 
Slag recovery, kg/metric ton of ferrophosphorus charged 


as the proportion of lime was 


stoichiometric, the vis- 


Operating Results 


March 1958 


Figure 3 shows that the citrate solubility of the 
P.O, in the slag was at a maximum of 98 when it 
contained 120° of the CaO required to form silico- 
carnotite and was over 95 when the CaO content 
Was In the range 105 to 135 of stoichiometric 


Operating Results 
Best results were obtained when the furnace was 
operated at 75-100 v and 350 kw and the charge was 
proportioned to contain 110 of the 


amount of lime required to provide 4 moles of CaO 


stoichiometric 


per mole of P.O, and 1 mole of CaO per mole of SiO., 
and 135 of the stoichiometric amount of iron ore 
required to oxidize the phosphorus present. Data 
from a typical test are given in Table II. By weight, 
the charge contained 1.8 metric tons of calcined iron 


(59 metric tons of lime 


Fe) and 1.3 


CaO) per metric ton of ferrophosphorus (24.4% P) 
From this charge, the products, per ton of ferrophos- 


> tons of iron 


A 


phorus, wert 


lag enmtainina 99 ic 
CONTAINING <c.i ich 
Was sOluDie In neutral ammonium citrate solution 


slag was ground to pass an 80-mesh screen 


Presumably, 0.3 ton was lost as spillage of raw ma- 
terials and products. Power consumption averaged 
1761 kwhr and electrode consumption averaged 29.1 
Kg per metric ton of ferrophosphorus charged 

The graphite lining of the furnace showed very 
little attack by molten slag. The magnesite hearth 


Was satisfactorily resistant to attack by molten iron 
of low phosphorus content. No apparent damage to 


the hearth was observed after tests in which the 


n iron 
produced contained less than 1 of phosphorus 
However, after one test in which the composition of 
the charge was not controlled satisfactorily and 12 


Electrode 


voltage between electrodes 101.5 
‘urrent, amp 3644 
Electrode current density, amp/cn : 5.0 


Aver age kva 
kw 


factor 


369.9 
350 
0.946 


Average 
Powe I 


Iron composition 


229 Fe 99.0 e 0.07 
322 P 0.8 Cr 0.03 
179 Si 0.01 Mo 0.01 
1275 Mn 0.07 Sn 0.10 
1800 S 0.01 Pb 0.10 


760 Cu 
236 Ti 
443 


0.10 
0.02 Ni 


Slag composition, 
12.0 
12.1 


194) S10 
Fe.O 
5.2 CaO 
29.1 P.O 22 
1540 C.I. P.O 
1620 As 
1316 
2467 


TiO 1.1 
0.02 
0.001 


150 
i 
ee of 40 taps contained more than 1 phosphorus, 
| Table I!. Summary of data on production of phosphate slag and tron trom byproduct terrophosphorus 
Operating Conditions 
; 0.40 
P <0.10 
40) 0.9 
, Oo 2.0 
) 2.7 
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drillings of the hearth showed that it had been pene- 


trated about 8 cm by the metal 
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as 


production of sodium percniorate 
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experi 
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proximate electrolyses data. Larger 
run simulating plant operating condi 
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an 
Rod shaped deposits 


es 


3.000 hr. Cumulative 


was obtained with a stainless cathode a 
of 15.5 amp/dm’ and of 7.25 amp/dn 
tamination could be detected in the an 


sodium perchlorate 


Inc NaCloO, as an inte 


reased demand for 


rmediate 


for the production of ammonium and potassium per- 


chlorates resulted in a search for a replacement for 


the Pt anode. Previous investigations have shown 
that PbO. might be a satisfactory substitute for Pt 


Lead dioxide electrodes in various sizes and shapes 
may be prepared baths 
(1-4). Th in these ex- 
periments were prepared by plating PbO. on Ni and 
Pt clad Ta wires 


from suitable electrolytic 


e rod-shaped electrodes used 


Platinum clad Ta as a conductor 
on which to deposit the PbO, had the advantage of 
rosion resistant to the HNO, liberated dur- 
ing electrolysis from the Pb(NO,). electrolyte. The 
PbO, deposit is dense, heavy, and metallic in appear- 


being co! 


ance. Perchlorates can be produced on PbO. deposits 
from 8-10 mm thick (4). Thin deposits are fragile 
and erode easily during electrolysis. When a thick- 
ness of at least 20 mm is obtained, the electrode is 
not too fragile for ordinary handling and erosion is 
not significant 


ncn-sc 
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Lead Dioxide 


. Whittier, California 


anoae 


+ 


¢h 
num in the 


substitute for p 


la 
were prepared on 
heavy, metallic- 


The 


The plate was dense, 
first phase 
ap- 


aisO 


r ordinary Nanding 


laboratory 


aie production celis were 


dioxide anodes produce so- 
One dioxide 


it effic 


load 
efficiencies 


curren 


lency 
material, 


produced 


efficiency 


A current 


anodic and cathe current densities 
spectively. No unusual metallic con- 


nium perchlorate prepared from the 


The 


chemical 


equation for t 


over-all chemical the electro- 


oxidation of chlorate to perchlorate has 
been reported by othe! 

The investigation 
The first dealt 


small laboratory 


investigators (5-9) 
was divided into two phases 
wit 
cel 
, to approximate electrolyses data, and to eval- 
cathodes with small PbO On 
larger cells were op- 

The first 
phase of the investigation is referred to as laboratory 
cell experimentation and the latter phase as bench- 
scale production 


h exploratory experiments in 
ls designed to determine feasi- 


uate differen 10des 
uate aifieren anode: 


t 

the basis of these experiments, 
] 


erated simulating actual plant conditions 


Three methods for measuring current efficiencies 
have been used by other investigators and were used 
in this study. They were: 

Gas collection.—If a standard coulombic cell with 
Pt electrodes containing a 5% NaOH electrolyte is 
connected in series with a perchlorate cell, the ratio 
of gas volumes in the coulombic cell to that of the 


% 

| 

de 

= ” 

f 

is a function of the cathode * 

cathodic current density, and the additive used erchniorate can De 

using nickel, copper, stainless steel. and carbon steel cathodes. Energy re- 7 
quirements, under identical experimental conditions, indicate that stainless a 
steel and nickel are the best cathode materials. HI EE of 91.5% ’ . 
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perchlorate is 3:2. Thus, the gas volumes from the 
coulombic and perchlorate cells give an approximate 


This 


may not be too accurate if there are appreciable side 


measure of the instantaneous current efficiency 


reactions 

Chlorate depletion If side reactions are negligi- 
ble, then the NaClO, disappearing can be used as an 
approximation to current efficiency 
Perchlorate determination.—This measurement is 
the of effi- 


ciency, but necessitates a time consuming perchlo- 


most accurate determination current 


rate analysis. Moreover, this is a cumulative and not 
an instantaneous current efficiency 
Gas collection and chlorate depletion are easily 


and rapidly obtained and may indicate the 


a variable. Gas collection was utilized for the small 
laboratory cells, recognizing that it was only an ap- 
proximation, which would be checked by direct 


analyses later on the bench-scale production cell 


cell 


are 


Data obtained by analyses on the bench-scale 
indicate that 


magnitude with some cathodes and that the 


inefficiencies due to side reactions 


rrent efficiency measurement used for the labora- 


v cells has some validity 


Laboratory Cell 


Laboratory 
in. Lucite. They were 
I.D. x 5 in. high. The 
thermometer, and a 44 in. diameter x 142 in 
let tube were sealed through the cell cover 
ber was fitted to a 4s 
top of the cells. Wing nuts through the flange secured 
the -tight 


Evolved gas was directed to 50 ml burets 


construction cells 


structed of evlindric 


shape, in electrodes, a 
gas out- 
A 


flange around the 


rub- 
gasket in 


cover, creating a gas fitting 

Volumes 
were measured by the displacement of water in the 
durets 

both cells maintained 
om the top; this gave a small equal volume 
time, the 
lected, was short. Since a ratio of 
for 


were necessary; it was assumed that the t 


Electrolyte levels in were 


in. f1 


Electrolysis while were being col- 


gases 
volumes was uti- 
and 


lized, no corrections pressure tempe 


mained under identical conditions, even though 


umes of 


different magnitude were involved 


Pt Carbon 


PbO Carbon 15.5 4.6 2.46 
steel 
PbO Copper! 15.5 44 4.71 
PbO Coppe! 15.5 5.0 1.47 
PbO Nickel 7.25 4.0 1.33 
PbO Nickel 15.5 5.0 1.47 
PbO Nickel 15.5 5.0 1.47 
PbO Nickel 15.5 5.3 1.47 
PbO Nickel 15.5 5.2 1.47 
PbO Nickel 15.5 4.9 2.65 
PbO Nickel 23.25 5.8 2.21 
PbO Stainless 31.0 6.1 5.30 


steel (302) 


Approximate instantaneous current efficiencs 
of evolved cell 


Dis oration gases during electre 


ratiire 
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Table |. Experimental results of laboratory perchlorate cells 


March 


1958 


Lead dioxide was employed as the anode in the 
laboratory cell except for the initial experiments. A 
Pt anode was used in these experiments to establish 
reference data. Two cathodes connected in parallel 
The initial concentration of the electro- 


500 


were used 


lvyte Was approximately of reagent grade 


NaClO, with various additives. New electrolyte was 
used for each series of experiments 
Temperatures of both cells were controlled with 


external water within 5 C 


Ea perimental procedure 


cooling 
and lab- 
oratory cell were connected in series to a Se rectifie! 


Current and voltage 


across the laboratory cell were 
measured during electrolysis. These cells were op- 
erated until the coulombic cell had evolved 50 ml of 


gas. Comparison of this volume to that evolved from 
the laboratory cell gave the current efficiency. Each 
experiment was made under a controlled current 
density. The pH of the electrolyte was controlled 


within a given range and was adjusted with HC] o1 
NaOH 

The cells were ope rated a sufficient lengt! 
afte reaching thermal equilibrium to purge the 
dead air space. During this time gas was evolved t 
the atmosphere. When a steady ite of evolutior 
existed, the gas was collected in the burets and data 
recorded during the collection of the gas sample 
Current was varied from 1.33 to 5.30 amp, while the 
voltage across the laboratory perchlorate cell cov- 
ered the range of 4.0-6.1 v. A temperature range of 
20°-40 C was investigated 

E rper mental Resu 

To establish reference data, the initial experi- 
ments utilized a Pt anode in the laborat perchlo- 
ate cell. After this, experiments were conducted 
ising PbO, as the anode with Cu, carb steel, Ni 
and stainless steel as the cathodes. Variables ob- 
served were current efficiency, current density, cell 
temperature, electrolyte concentration, pH, cathode 


l, and additives. Some of these da 


Table I. The 


t nre- 
pit 


sented in most satis t Values 


ot 
cell operating conditions were selected from these 
data for subsequent verification in the larger bench- 


scale production cell 


484.5 37.77 


30-35 6.0 484.5 ) 36.3 
35-40 6.5 500.0 ) 92 4 
35-40 6.5 500.6 05 93.5 
35-40 6.5 493.5 84.8 
35-40 6.5 493.5 0.5 92.3 
35-40 6.5 493.5 1.5 92.7 
35-40 6.5 493.5 Saturated 93.0 
35-40 6.5 500.6 0.5 93.7 
35-40 6.5 493.5 0.5 92.7 
25-30 6.5 495.2 0.5 97.57 


on technique 
side 


reactions were taking pla 


; 
of st 
_ 
Anodi 
irrent Init neentrat Current® 
Mate densit Voltage Current Temp range Elect te Additive efficiency 
Anode Cathode pd ts Cc pH NaClo NaF 
: Pe CCS 31.0 5.2 2.90 20-25 6.0 484.5 5 92.8 
based on gas collecti 
yivsis indicated 
+ 
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Conclusions.—Examination of the data in Table I 
indicates that the following conclusions may be 


made 


] Sodium perchlorate can be made by electroly- 
sis using a PbO, anode with Cu, carbon steel, Ni, o1 
stainless steel cathodes 


2. Current efficiencies appear to be higher with 
Ni, stainless steel, and Cu cathodes than with car- 
bon steel 

Data obtained with carbon steel are not con- 
clusive because of side reactions 
4. Sodium fluoride appears to be a better additive 
than sodium dichromate. The minimum effective 
NaF concentration is 0.5 g/l] 

5. Data obtained with a PbO, anode, Ni cathodes, 
and a NaF additive indicate that the current effi- 
ciency Is practically independent of current density, 
temperature, and pH in the range of variables in- 
instantaneous current efficiency of 


7°, Was obtained at an anodic current density of 
t Lower voltages appear to be possible using 
PbO. anodes 


Bench-Scale Production Cell 


The first phase of the investigation had set up 


ria to proceed with the con- 
struction of a larger umit which could be operated 
emicontinuously and for longer periods of time. All 
les could be evaluated based on the cur- 
rent efficiency, which could be determined by a di- 
rect chemical analysis. Ir order to proceed with this 
init, larger PbO, anodes were made 

Bench-scale cell construction.—The cell was a 
4-liter resin 


(Fig. 1). Current was provided by a Se rectifier 


reaction kettle with a bottom outlet 


f 1. Internal arrangement of bench-scale production cell 
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and voltages and current measurements obtained 
Temperature was controlled by circulating wate! 
through a glass coil immersed in the electrolyte 
When pH control was necessary, 18% HCl was 
added 

The anode consisted of a rod-shaped, rough sur- 
faced PbO. electrode and was immersed in solution 
so that, at a current of 26 amp, the anodic current 
density was 15.5 amp/dm’*. This value was main- 
tained constant in all experiments. It proved to be 
the best value obtained in the smaller laboratory 
cells and simulates approximate plant operating 
conditions. Cathodes were U-shaped metal rods of 
varying diameters by 15 in. in length. The 


cathodes, 


anode, 
cooling coil, and thermometer were in- 
serted through the top of the cell into the electrolyte 
An electrical connection was made at the top of the 
anode with a Ag-plated Cu clamp. Cathodes were on 
3 in. center to center spacing, with the anode cen- 
tered between them or 12 in. from the cathodes 
Figure 2 is a picture of a typical PbO. anode with 
the cathodes used 

Electrolyte could be removed from the bottom of 
the cell and returned to the top to insure adequate 
mixing 

Experimental procedure—At the start, the cell 
was filled with 4 liters of solution containing ap- 
proximately 500 g/l NaClO, plus the additive. The 
pH and temperature were recorded. A value of 6.9 
was considered to be the maximum limiting pH 
while the temperature was controlled within the 
range of 30°-45°C. Current was adjusted to the de- 
sired anodic current density, and voltage noted 


Electrolyte was removed during electrolysis from 


the bottom of the cell and returned through the top 
About 2 liters were removed in from 2 to 3 min in 


500 ml! increments. This served to keep the electro- 
lyte well circulated and was repeated every half 
hour. After 


sample was secured and the pH measured. This sam- 


recirculation was completed, a 100 ml 
ple was returned to the cell and the pH adjusted, if 
recessary 

A 15 ml sample was taken for chemical analysis 
every 2 hr after recirculation. Then 15 ml of make- 
up solution were added to maintain constant volume 

The addition of make-up solution is important, 
since no drastic concentration changes in the elec 
lyte could be introduced. During the initial phases of 
the experiment the make-up solution contained 300 
g/1 NaClO,. This solution was used until the concen- 


tration of the electrolyte in the cell dropped to 150 


Fig. 2. Typical PbO, anode-nickel cathodes 
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CUMULATIVE CURRENT EFFICIENCY + 4 


400} + + 
7 
< = 

> 
° 


0 8 16 24 3240 48 52 Fig. 4. Effect of 


nicke cathodes on cumulative current 


TIME (HOURS) efficiency Electrolysis conditions anodic C D 155 

Fig. 3. Effect of PbO, conductor wire Electrolysis conditions amp dm’, cathodic es 7.25 amp/dm’: temp. range 
anodic C. D 15.5 amp/dm’; cathodic C. D 7.45 35°-45°C; cell voltage 50 v; pH 5 3: NoF conc 
amp ‘dm’: temp. range 30°-45°C; cell voltage 59.33 059g anode: rough surface rod-shaped, 2.06 cm dia. x 
v; pH 5. 2-5.7: NaF conc 0.5 g/l. Anode: solid circle 45.72 cm long; cathode: two U-shaped Ni rods, 0.95 cm dia 
PbO. plated on Ni wire; open circle, PbO: plated on Pt clad Ta x 38.10 cm long 


pen triangle, PbO, plated on Ni wire 


g/l of chlorate. From this point, make-up solution of comment erricency 
150 g/l was added until the concentration dropped to 
100 g/l. Then solution adjusted to the chlorate com- 
position of the electrolyte was added until the com- 
pletion of the experiment + 
Every 2 hr a 15 ml sample was analyzed immedi- z no. 

ately for its sodium chloride and chlorate concentra- : } 

tions. Since the perchlorate determination was time z } 

consuming, samples were taken only every 4 hr for z 


analyses 


Experiments were carried out for 52 hr continu- 


ously, except when side reactions or chlorate analy- 


ig 3 ve cur 

ses indicated that the obtained efficiencies were too rent effici conditions: onod 155 

low amp dm range 

Two different PbO. anodes were used in the ex- 4572¢ ans 


periments with the bench-scale production cell. One 


Table II. Experimental results of bench-scale production cells 


Cathode 


Additive 


Nickel 21.4 NaF“ 5.1 26.0 41.6 5.51 510 50 83.0 1.23 
Nickel 21.4 NaF and $23 26.0 52.0 7.16 240 280 1.1 3.38 


Na.Cr.O 


Stainless 
steel (302) 


Stainless 7.25 NaF and 4.75 26.0 24.0 2.96 235.5 287.6 66.0 1.43 
steel (302) Na.Cr.O.-' 

Copper 21.4 NaF 5.7 26.0 42.8 6.36 492 50 78.5 1.47 
Carbon 21.4 NaF 5.1 26.0 52.0 6.89 264 214 34.2 2.96 
steel 

Carbon 14.1 Na.Cr.0-’ 4.9 26.0 48.0 6.13 68 445 9.9 10.23 
steel 


Anodic current density 15.5 amp dm 
* Volume 4 liters 
Commercial production requires 1.5-1.9 kw-hr Ib at 6.2-6.8 v, and anodic current densities of 31.1-52 amp dr 11 
NaF as an additive 0.5 g/l concentration 
concentration 0.5 g/l 
NaeCr,O; concentration 0.003 g/1 
Na»Cr.O; concentration 5.1 g/l 
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1 
oC O4 TiwE (HOURS 
| 
No ry 
TIME (HOURS 
rods, 0.95 cm dia. x 38.10 cm long 
current moentrat n current Unit 
density Voltage Current Time efficienc energ) 
7 Cathode amp dm? volts my hr Kw-Hr NaClo NaClo kw-hr it 
Nickel 7.25 NaF 5.0 26.0 38.6 5.02 514 50 88.2 1.11 
Stainless 21.4 NaF 5.2 26.0 49.2 6.52 493 50 68.0 1.50 
steel (302) 
P| 7.25 NaF 4.75 26.0 37.6 4.64 505 50 91.5 1.04 
| 
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Cathode nm 


aterial Nickel 


Major constituent® ** Sodium 
Intermediate constituent 
Minor constituent 


Potassium 
Approximate % 


Calcium 0.10 
Aluminum 0.05 
Iron 0.05 
Magnesium 0.01 
Silicon 0.01 
Barium 0.01 
Chromium 0.005 
Copper 0.005 
Vanadium 0.005 
Nickel 0.005 
Manganese 0.001 
Lead 0.00 
Wt of Ash (g) 1.62 


* Mother liquor hold-up 
* Based 


spectrographic analyses of ash 


anode consisted of PbO, plated on Pt clad Ta and the 
other was plated on Ni wire. Experimental results 
obtained when PbO, is plated on these two different 
conductors are presented in Fig. 3. When sodium di- 
chromate was used as an additive, a thin yellow 
deposit was formed on the surface of the PbO, anode 
Cathodes were constructed of Ni, Cu, carbon steel, 
and 302 stainless steel. The effects of cathodic cur- 
rent density and additives were also investigated 
Some experimental results are presented in Table II. 

A typical result, using Ni cathodes, illustrating the 
change in electrolyte concentration as a function of 
time and the cumulative current efficiency is pre- 
sented in Fig. 4. Figure 5 presents results with stain- 
less steel cathodes 

Sodium perchlorate produced in these bench-scale 
experiments was converted to ammonium perchlo- 
rate to determine purity and for evaluation purposes 
Only the first crop of unwashed crystals was selected 
for chemical and spectrographic analyses. Table III 
presents spectrographic data on the ammonium per- 
chlorate prepared, and indicates that no unusual 
quantity of metallic impurities was introduced into 
the perchlorate 

Conclusions.—The following conclusions may be 
reached: from the experimentation, utilizing PbO 
anodes as a substitute for Pt in the production of 
sodium perchlorate 


1. Lead dioxide anodes produce sodium perchlo- 
rate at high cumulative current efficiencies 

2. The cumulative current efficiency for a given 
anodic current density is a function of chlorate con- 
centration, the cathode material, the cathodic cur- 
rent density, and the additive used. 

3. The wire on which the PbO, was plated for an 
anode appears to have no effect on the production of 
sodium perchlorate. 

4. Sodium perchlorate can be produced using 
cathodes of Ni, Cu, stainless steel, and carbon steel. 
However, efficiencies with carbon steel are very low. 

5. Sodium dichromate has a detrimental effect on 
the current efficiency by forming a thin deposit on 
the surface of the PbO, anode. 


PRODUCTION OF SODIUM PERCHLORATE 


Table Ill. Spectrographic analyses of unpurified ammonium perchlorate 


Stainless steel (302) 


Sodium Sodium 
Potassium Potassium 
Approximate % Approximate % 
0.10 0.10 

0.05 0.01 

0.01 0.005 

None found None found 
0.01 None found 
0.01 0.01 

0.001 0.001 

0.01 0.005 

0.001 0.001 

None found None found 
None found None found 
Trace Trace 

1.39 3.03 


6. Decreasing the cathodic current density in- 
creased the current efficiency when utilizing Ni and 
stainless steel cathodes. 

7. One PbO, anode was used in the cell operation 
for 3,000 hr. 

8. Ammonium perchlorate was prepared from 
the sodium perchlorate produced in these experi- 
ments. No unusual metallic contamination was pres- 
ent and the ammonium perchlorate meets present 
commercial specifications. 

9. Comparison of energy requirements calculated 
for identical experimental conditions indicates that 
Ni and stainless steel are the best cathode materials 
and that PbO. offers energy advantages over Pt as 
an anode 

10. Energy results of 1.04 kw-hr/lb of sodium 
perchlorate with a cumulative current efficiency of 
91.5°% were obtained. These results were attained 
with stainless steel cathodes at a cathodic current 
density of 7.25 amp/dm* and a final sodium chlorate 
concentration of 50 g/1 


Manuscript received May 6, 1957. This paper was 
prepared for delivery before the Washington Meeting, 
May 12-16, 1957 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL 

REFERENCES 


1. G. Angel and H. Mellquist, Z. Elektrochem., 40, 702 
(1934) (Ger. 140,317; 195,117; 206,329) 


2. Y. Kato and K. Koizumi, J. Electrochem. Assoc 
Japan, 2, 309 (1934) 

3. K. Sugino and Y. Shibazaki, ibid., 16,9 (1948). 

4. K. Sugino, Bull. Chem. Soc. Japan, 23, 115 (1950 

5. F. Foerster, Z. Elektrochem., 4, 386 (1898). 

6. W. Oechsli, ibid., 9, 807 (1903). 

7. J. G. Williams, Trans. Faraday Soc., 15, 134 (1919). 

8. N. V. S. Knibbs, ibid., 16, 402 (1921). 

9. C. W. Bennett, ibid., 29, 323 (1916). 

10. N. H. Furman, “Scott's Standard Methods of Chem- 


ical Analyses,” Vol. 1, p. 272-275, D. Van Nostrand 
Co., Inc., New York (1950). 

11. C. L. Mantell, “Industrial Electrochemistry,” 3rd 
ed., p. 135, McGraw-Hill Book Co., Inc., New 
York (1950). 


155 
Copper 
2 
an 
Aes 


solution of Metals in Aqueous Acid Solutions 


Il. Depolarized Dissolution of Mild Steel 


A. C. Makrides and N. Hackerman 


Department of Chemistry, University of Texas, Austin, Texas 


ABSTRACT 


Dissolution rates of mild steel cylinders rotated in 2N HCI solutions con- 
taining ferric chloride, benzoquinone, and tolu-p-quinone are reported. At 


high velocities the dissolution rate depends linearly on velocity of rotation 
The dissolution rate also depends on the roughness of the metal surface 


In a previous paper (1) current-potential rela- Results and Discussion 
dissolution of mild steel in acid solutions Dissolution rates are expressed in terms of the 
ontaini polarizers ‘re rorete 
containing depolarizers were interpreted on the as- specific rate constant k, given by 


sumption that dissolution was under diffusion con- 


trol. A kinetic study of dissolution is presented here 2.30 V A 

In particular, the dependence of rate on depolarizer . At log r 1 (1) 
concentration, stirring velocity, temperature, and 

surface roughness of the metal is examined. Results Here V. is the volurne of the solution (400 ml), A 
are consistent with the postulate that dissolution is the projected exposed metal surface area, x the 
limited by the rate of diffusion of depolarizer to the weight loss (mg) in time t (sec), and x, the cal- 
interface culated weight loss for t—> =x 


: Generally, the weight loss at the end of a speci- 
Experimental fied time (600 sec) was measured and k calculated 
The experimental arrangement and procedure from Eq. (I). In some cases the solution was ana- 
have been described previously (1). Mild steel cyl- lvzed for iron at measured time intervals and b- 
inders, polished with 2/0 emery paper and de- tained from a first order kinetic plot 
greased with benzene in an extractor, were rotated For purposes of discussion a differentiation is made 
in 2N HC! solutions containing depolarizer at speeds between results obtained at average dissolution 
up to 11,000 rpm (1000 cm/sec linear velocity) rates less than 0.020 mg/sec/cm’ of projected area 
Only the lateral surface of the cvlinder was ex- and those at higher rates. Results for the forme: 
posed to the solution, the top and bottom parts as interval are given in Tables I and II and are plotted 
well as the edges being covered with paraffin. All in Fig. 1. In this range, k is independent of initial 
solutions were deaerated by passing nitrogen through depolarizer concentration. At greater average dis- 
the solution before a run solution rates, k increases with initial depolarize: 


The reaction vessel was a 600 ml! beaker loosely 


concentration. It is shown below that the depend- 


fitted with a Lucite cap. The cap had openings ence of k on C, in the latter case is caused by ex- 
through which the specimen and a calomel electrode cessive surface roughening brought about by dis- 


with a saturated KCl-agar bridge were inserted solution 
The center of the cylinder was 2 cm from the center 


‘ 


of the beaker. This arrangement was chosen to 


avoid separation of flow along the shaft observed . 
when the cylinder was concentric with the beaker 


The surface of the cylinder was 1.5 cm from the 
wall of the beaker and 4 cm from the tip of a calo- 


mel electrode placed opposite the cylinder and next 

to the wall of the container. The top of the cylinder 3 

was immersed to a depth of 4 cm when the cylinder 

was stationary. The diameter of the cylinders varied ss c 

from 1.70 to 1.90 em and the height of the lateral e 

surface exposed to solution was between 1.8 and 2.1 

cm. These last two dimensions were measured for 

each run 
Ferric chloride was of C. P. grade and was used 7 ' 


without further purification. The quinones were of 
highest commercial purity available and were twice 
recrystallized from ethanol. 


Fig. |. Specific rate constant as a function of velocity 
curve |, ferric chloride; curve 2, tolu-p-quinone; curve 3 
benzoquinone 
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Ferric chloride 
Velocity Con k 10 Veloc ity 
sec ‘ es i er sec cm, sec 

158 0.0431 6.62 147 
200 0.0432 8.36 149 
210 0.0700 8.60 211 
211 0.0102 9.32 212 
211 0.0103 9.20 212 
21 0.0318 8.50 234 
211 0.0446 8.19 250 
213 0.0191 8.73 254 
232 0.0431 9.83 299 
311 0.0432 13.5 300 
333 0.0450 13.3 322 
339 0.0450 13.6 328 
345 0.0194 13.1 332 
463 0.0200 17.4 332 
472 0.0200 18.2 334 
506 0.0200 18.9 424 
512 0.0194 8.7 488 
512 0.0194 19.4 500 
520 0.0312 20.4 506 

510 


Table Il Dependence of rate constant on velocity 


Estimated 


Dep zer* Slope Intercept Deviatior 
2N HC! solutions containing depolarizers. T = 30.0° = 0.5°C 
Ferric chloride 3.50 10 + 1.38 10 +0.74 x 10° 
Tolu-p-quinone 5.56 10 0.09 10 +0.88 10° 
Benzoquinone 6.39 10 0.70 « 10 +0.60 « 10 
Note } ae Re s ers: 30,000 ¢ 00 000 
F . S give T e l. The slope d tercept were 
e sq s me 
Tr es ‘ is give t S, ‘estin s 
ahere S de he 
eff The erage s f r fe 
+4.3 qu ne 4 be € 


Dependence of the Specific Rate Constant on Velocity 

Heat and mass transfer in turbulent flow are of 
considerable theoretical as well as practical interest 
and have been the subject of numerous investiga- 
tions (2). The work of King and collaborators (3), 
of Agar (4), and of Eisenberg, Tobias, and Wilke 
(5,6) is of particular interest since it is directly ap- 
plicable to the rotating cvlinder-turbulent flow 
svstem 

Agar (4) has suggested that the effective thick- 
ness, 6, of the boundary layer at the solid surface is 
given by an expression of the form 


(R,) * (Pr) (11) 
3 
Here L is the characteristic length, the diameter, d, 
of the cylinder in this case; B, a, and § are con- 
stants; (R,) is the Reynolds number; and (Pr) 
Prandtl's number. The last two are given by 


(R,) (IIT) 


(Pr) (IV) 


The effective thickness of the boundary layer is equivalent to 
of a stationary layer of 
liquid adjacent to the solid. Through this layer, the concentration 
{ ng species is assumed to change linearly with distance 
from a value of zero, at the surface, to that in the bulk of the solu- 
tion is not, in general 1 to » physical thickness of the hy- 
drody namic boundary layer, but it is related to this thickness 


METAL DISSOLUTION IN ACID SOLUTIONS 


Table |. Dissolution rates of mild steel cylinders in 2N HCI solutions containing depolarizers; T 


30 + 


Tolu-p-quinone Benzoquinone 


“Cor k- 10 Velocity Conc 
moles | cm. sec cm /sec (moles/1) cm/sec 
0.0100 7.88 209 0.0056 13.0 
0.0100 9.25 210 0.0050 12.6 
0.0050 11.4 211 0.0094 12.6 
0.0100 11.5 211 0.0204 13.3 
0.0200 10.9 211 0.0301 13.1 
0.0100 2.7 212 0.0108 13.0 
0.0100 13.4 212 0.0150 12.3 
0.0100 13.1 213 0.0300 12.6 
0.0100 15.9 245 0.0100 15.3 
0.0100 16.8 251 0.0100 15.3 
0.0049 19.0 253 0.0050 14.6 
0.0046 17.7 253 0.0050 15.1 
0.0092 18.7 305 0.0051 19.8 
0.0098 19.2 312 0.0103 19.6 
0.0200 18.4 312 0.0106 20.4 
0.0100 23.4 335 0.0200 20.1 
0.0050 27.7 339 0.0200 20.2 
0.0050 26.7 364 0.0050 22.7 
0.0100 28.6 368 0.0050 22.6 
0.0100 28.0 


where » is the kinematic viscosity and D the diffu- 
sion coefficient. Equation (II) assumes that for 
forced convection 6 is independent of the concentra- 
tion of diffusing species and that electrolytic trans- 
port is negligible. Agar (4) notes that experi- 
mentally 

8 (const) (V) 


where 0.5 < q< 1.0. If a reaction is controlled by 
diffusion 

k = D/d (VI) 
and Fig. 1 shows that in this case q [and hence a 
in Eq. (II)] is unity. 


Comparison with Results of Previous Investigators 

The linear dependence of k on velocity of stirring 
found with the present system is in agreement with 
the results of King and co-workers (3) and of 
Frank-Kamenitskli and co-workers (7), but is, at 
first sight, in variance with the results of Roald and 
Beck (8), and of Eisenberg, Tobias, and Wilke (5, 6) 
who find that the rate of mass transfer increases as 
the 0.70 power of velocity. The latter authors cor- 
relate their results through the function 7’, (k/V) 
(Pr)°™. From a plot of j’» vs. Reynolds number 
they find 

= 0.0791 V (R,)*” (Pr)*™ (VII) 

The experimental system studied by these au- 
thors (6) was oxidation and reduction of the ferri- 
ferrocyanide couple at inert (nickel) electrodes. 

The velocity exponent given in Eq. (VII) is a 
“best value” for the range of Reynolds number 
1,000 to 100,000 (6). Actually, the exponent de- 
pends on Reynolds number. Thus, the slope of the 
correlation curve (j'» vs R,) was —0.32 for the in- 
terval R 1,000 to 10,000, while it was only —0.23 
for R, — 30,000 to 100,000 [Table II of ref. (6) ]. To 
be exact, therefore, comparisons must be made in 
the same range of Reynolds numbers. 

In the work reported here, Reynolds number 
varied from 30,000 to 100,000. A least squares’ anal- 
ysis of the data of Eisenberg, Tobias, and Wilke (6) 
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in this interval shows that the limiting rates for 
reduction and oxidation depend on the 0.72 and 0.77 
power of velocity, respectively. 

Table II gives an analysis of the data of Table I 
by the least squares method. As noted above. a 
linear relation exists between k and V. The PpOssi- 
bility that a log-log function gives a better fit was 
examined and rejected. In the case of FeCl.. for ex- 
ample, the correlation coefficient was 0.988 for a 
linear relation and 0.92 for a logarithmic one 

Hydrodynamic considerations, based on a model 
of a liquid layer of finite thickness through which 
convective diffusion is absent, show that for the 
limiting case of large Reynolds and Prandtl’s num- 
bers the rate of mass transfer is linearly related to 
the flow velocity (7). However, it is unlikely that 
the Reynolds and Prandtl’s numbers involved here 
are sufficiently large to attain this case.’ In the ab- 
sence of complicating effects, the dissolution rate is 
expected to increase as the 0.70 to 0.80 power of 
velocity (6). The higher value of the velocity ex- 
ponent must therefore be attributed either to a dif- 
ference in geometrical arrangement, or to an effect 
of the dissolution process on the hydrodynamic 
conditions under which mass transfer occurs 

Hydrodynamic conditions.—-The different velocity 
exponents found in this work and that of Eisenberg. 
Tobias, and Wilke (5, 6) may be the result of differ- 
These authors (5, 6) 
used cylinders concentric with the wall (outer cvl- 
inder), a length to diameter ratio from 3.0 to 11.6. 


ent geometric arrangements 


and complete end-baffling. In this work the evlindetr 
Was not concentric with the vessel and the length to 
diameter ratio was 1.0 to 1.2 

The differences noted above are probably 
sponsible for the different velocity exponents ob- 
served. The length to diameter ratio, 1/d. does not 
appear to be ignificant Eisenberg, Tobias, and 
Wilke (5,6) found no effect for an almost fourfold 
change in this ratio. If, as pointed out below, a cor- 
relation exists between dissolution rate and friction 
factors derived from measurements of the drag on 
cylinders rotating in fluids, the experiments of 
Theodorsen and Regier (9) also support the view 
that the l/d ratio is without influence. These au- 
thors (9) found no effect on the dependence of the 
drag coefficient, f/2, on R, for a change of 1/d from 
20:1 to 3:1. Further, the functional dependence of 
was the same for cylinders and disks. 

uggests that even extreme variation of the 

d ratio does not alter the velocity dependencs 

The effect of baffling and of concentric arrange- 
ment is more difficult to evaluate. Eisenberg, Tobias. 
and Wilke (5,6) found no dependence on the gap 
between the rotating cylinder and the outer tube 
(gaps of 0.5-12.5 em). However, all of their ex- 
periments were done with a concentric arrange- 
ment. It has been suggested (8) that increased baf- 


nents refer to smooth surfaces. As shown below, the 
nsfer may become a linear function of velocity at 
Reynolds numbers if the surface is hydrodynam- 


ind Regier (9) find for cylinders 1 ‘ 4.07 log, f 
7 logR, and for disks 1 fe 4.07 log, f 2.05 
where f, and R, refer to the drag coefficient and Reyn- 
it a distance x from the center of the disk. R, is 
ver based on the radius of the cylinder 
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fling gives values of the velocity exponent closer to 
unity. On this basis, our results should have shown 
probably a smaller, rather than larger. 


exponent 


velocity 


Proposed correlations [see ( 14-17) ] between heat 
or mass transfer and hydrodynamic parameters are 
based generally on Reynolds’ analogy (13) and as- 
sume the validity of the momentum transfer theor, 
of turbulence. With other theories, e.g., the vorticity 
transfer theory (10), there is no direct correlation 
between the velocity and temperature distributions 
It is probable that the success of proposed relations 
is to be ascribed to the fact that the momentum 
transfer theory gives the correct velocity distribu- 
tion near a wall (11) 

Even in cases where the velocity distribution in 


the core of the flow agrees with the vorticity trans- 
fer theory, Reynolds analogy may still be applica- 
ble. An example is the system of concentric cvlin- 


ders. Eisenberg, Tobias, and Wilke (5,6) find 
an extended Reynolds’ analogy (the Chilt 
burn analogy) describes correctly the dey 
of the mass transfer coefficient on Reynolds 


The work of Taylor (10) and of Pai-Shit 


shows that in this case, the momentum 
theory fails in the core of the flow. However. 


neighborhood of the wall, the momentum 


theory is valid and the 
given by a von Karman logari 


iction coeffi 


12). These observations support the view 
type of core flow is of secondary importance 
mass transfer is controlled by the hvdrodvnamic 
conditions near a wall. If this supposition 
rect, the nature of secondary flows. th 
other surfaces at distances of the r of 1000 
times the thickness of the boundary laver. a con- 
centric or eccentric arrangement, and the extent of 
end-baffling are not expected to influence the rats 
of mass transfer 

One possible difficulty with dissolution « 
ments may be mentioned here. Dissolution is fre 
quently accompanied by evolution of hydrogen. Al 
though depolarizers reduce hydrogen evolution. 
is unlikely that they suppress it entirely: The sti: 
ring effect of bubbles moving in the boundarv lave: 
must therefore be considered 

Roald and Beck (8) found for magnesium dis- 
solving in HC! solutions that the stirring effect of 
bubbles was negligible at small dissolution rates but 
became dominant at high rates. The dissolution rate 
at which the stirring effect of hydrogen first be- 
comes detectable increases with stirring velocity. At 
150 cm/sec, this rate is equivalent to 1.9 cc H./em 
min. The maximum rate of hydrogen evolution in 
the experiments reported here was 0.01 cc H./cm 
min.’ Since the rate here is 100 times smaller than 
the rate threshold found by Roald and Beck (8), it 
may be concluded that stirring by bubbles is negli- 
gible 

It is believed that the linear dependence of rate 
on velocity usually found in dissolution experiments 
is the result of surface roughening caused by the 

‘An upper bound for the rate of hydrogen evolution is giv 


the rate in solutions without depolarizers. This is calculated 
the dissolution rate in 2N HC! 


| 158 — 

2 
tnat 
Col- 
a ence 
nber 
| (12) 
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thn tion (9, 10 
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dissolution process. Eisenberg, Tobias, and Wilke 
(6) took special pains to prepare smooth surfaces 
In the present stucy it was impossible to avoid sur- 
face roughening during a run. Surface irregulari- 
ies of height comparable to the thickness of the 
minar sublayer give rise to a “hydrodynamically 
igh” surface. The rate is expected then to be a 
iinear function of velocity when a critical value of 

The effect of surface 
roughness on rate of mass transfer is considered be- 


ia 


Reynolds number is exceeded 


Mass transfer in turbulent flow Proposed cor- 
relations (14-17) between rates of heat or mass 
transfer and hydrodynamic parameters are gener- 
ally based on Reynolds’ analogy which suggests that 
irbulent flow momentum and heat are trans- 
ferred in the Reynolds’ analogy 


fails for fluids for which Prandtl’s number is not 


same way (13) 


inity because of the existence of a layer near the 
wall through which the transfer of heat and mo- 
mentum by conduction and viscosity is important 
Karman’s extension (16) of Reynolds’ analogy leads 


to the following expression for the rate of heat 


+0.83(Pr—1)}] 


(VIII) 


V(T T.)cp 


with Q, the rate of heat transfer per unit area of the 
wall, T. the temperature at the wall, T. the mea 


temperature for the region of flow considered, c the 


pecific heat capacity and p density 

For small values of Prandtl’s number (Pr~1-10). 
Eq. (VIII) is in reasonably good agreement with 
experiment (11). At large values of Prandtl’s num- 


ber, however Eq (VIII) reduces to 


(Villa) 


5 \ 2/f (Pr) 
The indicated linear dependence of 1/ky, on (Pr) 
or constant f{/2 1s contrary to observation (17) 


agreement with experiment is observed with 


‘ 


k, — (Pr) (IX) 


where 8 0.35. Colburn (17) and Chilton and Col- 
burn (18) use 8 1/3, while Eisenberg, Tobias, and 
Wilke 


with cylinders 8 


(5,6) find from mass transfer experiments 
0.356 
Theodorsen and Regier (9) find for rotating cyl- 


inders with smooth surfaces 


- 172 + 5.76 log R,\ f/2 (X) 
f/2 
As pointed out by Eisenberg, Tobias, and Wilke 
(5), Eq. (X) is closely approximated by 


f/2 0.0794 (Xa) 
in the range 1000°- R 100,000. Substitution of 


this value of f/2 in an equation for mass transfe1 
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similar to Eq. (IX) gave good agreement with ex- 
periment (5, 6) 

For rough surfaces, Theodorsen and Regier (9) 
find , f/2 to be a function of relative roughness and 
independent of R, once a critical value of R, is ex- 
ceeded 


— 1.25 + 5.76 log (d/e) (XI) 


where d is the diameter of the cylinder and « the 
The value of « at 
which relation (XI) holds is given by 


height of surface irregularities 


«/L 23.3 
where L is the friction length 
L = v/\ 
with V. the friction velocity, +, the shear per unit 


area at the surface, and p the density 
But 


and from (Xa) 
d/L 0.282 R,’”* 


At the lowest R 
i 1.8 cm 


used here (30.000) and with 


3.55 (d) R 1.0 


10° cm 


If surface irregularities of height 


3.3 10° cm 


are present, the Chilton-Colburn analogy predicts 
a linear dependence on velocity since substitution in 


ky = — = — (Pr) 


of Theodorsen and Regier’s value for f/2 gives 


k (1.25 + 5.76 log [d/e])*(Pr)°™“V = (XII) 


Microscopic examination after polishing of the 
cylinders used here showed that, on the average, 
the height of about 
1x 10° cm. Examination after a run revealed ir- 
regularities of height 5 to 15x 10° cm. As shown 
below, it is probable that surface roughening oc- 
curs in the first minute of a run. Taking as an aver- 
age height 10x 10° cm, the value of f/2 is 0.00493 
and 


surface irregularities was 


k 0.00493 (Pr)°™ V (XIla) 

An accurate comparison of the present results 
with Eq. (XIla) is not possible because reliable 
values for the diffusion coefficients are lacking 
General agreement with Eq. (XIla) was found us- 
ing estimated values for the diffusion coefficients 
(Table III). It should be noted that the calculated 

This result refers to a “saturation” condition for the spacing of 
surface irregularities. In this case the drag coefficient remains con- 
stant and equal to its critical value. A saturation condition exists 


with specimens undergoing dissolution 


“A similar equation has been found by Nikuradse (19) from ex- 
periments with pipes 


For «¢ 5x10 cm, f/2 
2 0.00580 


0.00392, while for «¢ 15x10 cm, 


f/2 

l/h +S\ 2/f ((Pr—1) + 
where be 
| 


Table T 30.0° + 0.5°C 


Observed D-10" Calculated 
Depolarizer slope en sec »y D slope 


Ferric chloride 3.50 « 10 35° 2.48 x 10° 3.2 x 
Tolu-p-quinone 5.56 « 10 7.0° 1.24 x 10° 5.0 x 10 
Benzoquinons 6.39 « 10 8.0° 1.09 « 10° 5.5 x 10 


Estimated from the data of King and Weidhenhammer 20 
Since D lepends on the HC! concentration, the estimate given 

be ppre b 

Estimated from the diffusion coefficient of hydroquinone 

The v e given is that for hydroquinone 21 The value for 
ber qu sf bat ess 

The kine tic scosit ised (0.87 x If er SEK is for 2N 
H¢ s itions. The value of » for solutions containi: g depolarizers at 
cor t ‘ 5 ed here s es ed le ate ess than 2 

ilated Eq XII 


slopes in Table III are uncertain within rather wide 


limits 


Surface Ro ighness and Dissolution Rate 

Figure 2 shows weight loss in 600 sec as a func- 
tion of velocity. The linear increase of weight loss 
with velocity is contrary to expectation since it 
suggests that the velocity exponent in Eq. (V) is 
considerably greater than unity. Examination of the 
cylinders after each run showed that at the highe: 
velocities, the surface had become exceeding], 
rough. Numerous elongated pits appeared. Their 
long dimension was approximately parallel to the 
axis of the cylinder and their width was about 1/30 
to 1/40 their length. Their depth varied, but was 
generally of the order of tenths of a millimeter. It 
was apparent that during the run the surface area 
had increased greatly 

Surface irregularities, in addition to their effect 
on flow conditions discussed in the previous section, 
may alter both the (apparent) magnitude and the 
(apparent) velocity dependence of rate constants 
calculated with the aid of Eq. (1) 

Surface irregularities of height comparable to the 
thickness of the laminar sublaver may change the 
effective surface area of the cylinder In using 
Eq. (I) it was assumed that the cross-sectional area 
for diffusion was equal to the projected geometric 
area. This may not be true for hydrodynamically 
rough surfaces. Consequently, k’s calculated from 


Fig. 2. Weight loss as a function of velocity: curve 1 
0.020M tolu-p-quinone; curve 2 )}0431M ferric chioride 
curve 3, 0.020M benzoquinone 
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Eq. (1), which may be termed “apparent rate con- 
stants’, may be numerically larger than the actual 
rate constants for rough surfaces 

The extent of surface roughening is, in general. a 
function of dissolution rate and of the metal speci- 
men and its metallurgical history. If, therefore, in 
any given velocity and concentration interval, the 
extent of surface roughness increases with dissolu- 
tion rate, the effective surface area may be a func- 
tion of velocity, and the apparent dependence of k 
on velocity greater than expected from flow condi- 
tions alone 

In the velocity interval 150-550 cm/sec, and for 
the range of concentrations given in Table I, the 
specific rate constant was independent of initial de- 
polarizer concentration, and, consequently. also in- 
dependent of dissolution rate. The effective surface 
area was therefore constant and the surface rough- 
ness approximately the same in all cases. The sur- 
face roughening observed in this interval probably 
occurred in approximately the first minute of a run 
during which time the dissolution rate is greatest 

In general, it was found that for average dis- 
solution rates (in 600 sec) less than 0.020 mg/sec 
cm of projected area, specific rate constants calcu- 


lated from Eq. (1) were independent of initial de- 


polarizer concentration. The opposite was true for 
rates greater than 0.025 to 0.030 mg/sec/cm’ of pro- 
jected area. It should be noted that at any given 


velocity, the average dissolution rate increases with 
concentration. Accordingly, in compiling Table | 
the concentration ranges were restricted to values 
giving average dissolution rates less than the stated 


limiting value 


Experiments with roughened cylinders The rate 
of dissolution was determined as a function of time 


at the higher velocities by withdrawing small por- 
tions of the solution and analyzing for iron (Fig. 3) 
With initially polished cylinders, the specific rate 
constant, given by the slope of the log x,/(a x) 
vs. t curve, increased continuously at small times and 


eventually became constant (curve 1, Fig. 3). If the 


Time 


Fig. 3. First order kinetic plot with 0.0431M ferric chloride 


curve |, polished specimen, V 820 cm/sec; curve 2 
roughened specimen, V 820 cm ‘sec; curve 3. ughened 
specimen, V 200 cm/sec; curve 4, roughened specimen 
V 312 cm/sec. The log x,/(x, x) values have been 


corrected for volume changes during the run 
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cylinder was used again without polishing, curve 2 
was obtained. The slope was constant throughout 
the time interval studied and was equal to the slope 
of curve 1 at large times. It is apparent that in the 
former case the effective surface area increased 
during the course of the run until it attained a con- 
stant value. This value was not changed by re- 
peating the run with the roughened cylinder 
Cylinders whose surface had been roughened by 
runs at 820 cm/sec in 0.0431M FeCl, were used 
without repolishing at smaller velocities Curves 3 
and 4 of Fig. 3 gave for the rate constants k,, 41.0 
x 10° cm/sec and k 61.5x 10° cm/sec. The value 
of obtained with roughened cylinders at 820 cm 
sec (curve 2, Fig. 3) was 140 x 10° cm/sec. 
Effective surface area for dissolution.—In the ve- 
focity interval 150 to 550 em/sec and for average 
lissolution rates less than 0.020 mg/sec/cm*, ob- 
served values of k agree within 20% with those cal- 
(XIIa) (see Table IV). It is evi- 


that the effective surface area fo 


culated from Eq 
lent, therefore, 
dissolution is, in this case. essentially equal to the 
projected surface area used in Eq. (1) 


At high velocities and dissolution rates. the ap- 


parent values of k are larger than calculated. even 
after allowance is made for the increase in the fric- 
tion coefficient because of increased roughness 


From Eq. (XI) with « 0.05 cm, 


f/2- 0.01 


and from 


(XII) 


0.01 (Pry’™“ V (XIIb) 


Values of k calculated from (XIIb) are compared 
with observed values in Table IV. The observed 
(apparent) values are from 2.9 to 3.2 times larger 
(XIIb) 
the authors’ interpretation of the dissolution 
rate-time curves (Fig. 3) 


1an calculated from Eq This result agrees 


The suggestion that with roughened specimens 
the effective Surface area is larger than the pro- 
jected area is not inconsistent with the physical in- 
terpretation of the hydrodynamic boundary layer 
(9), the thickness of the lamina: 
11.5(L). While irregularities of 
the order of 3(L) cause the friction coefficient to 
become independent of R,, they do not change, ap- 


parently, the effective area for dissolution from that 


In Karman’s model 


sublaver is about 


ot 


a hydrodynamically smooth surface Irregulari- 
ties of height larger than 12(L) may alter however 


the effective surface area. The large apparent values 


of k observed with roughened cylinders indicate 
that, in this case, the ratio of the effective to the 


projected area is about 3 


Table IV. Cy. 0.0431M 
Polished cylinders Roughened cylinders 
V eloc obs} icale)* “kiobs) (ealey** 
sec sec cr sec cm. sec 
200 8.2-10 6.4-10 41.0-10 12.8-10 
318 12.5-10 10.2-10 61.5-10 20.5-10 
820 (27.2-10°) 140 -10 52.5-10 
Calculated from Eq. 


* Calculated from Eq. (XITb 
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4 The specific rote constant os o function 


ture G 0431M FeCl \ 312 cm sec 


Temperature Coefficient 

Figure 4 shows the temperature dependence of 
the specific rate constant at 312 cm/sec in 0.0431M 
FeCl, solutions. The Arrhenius energy of activation 
is 6100 cal 

The observed temperature dependence is within 
the range expected for diffusion controlled reactions 
It is in good agreement with the values 5500 cal (V 
33 cm/sec, 0.050M FeCl.) and 6100 cal (V 167 
em/sec, 0.025M FeCl,) reported by Abramson and 
King (22) 

Conclusions 

1. The dependence of dissolution rate on stirring 
velocity, depolarizer concentration. and tempera- 
ture indicates diffusion-controlled kinetics 

2. The specific reaction rate constant depends on 
the stirring velocity to a power close to unity. This 
is probably a result of the effect of surface irregu- 
larities on flow conditions near the surface 

3. When surface irregularities or height com- 
parable to the thickness of the laminar sublaver are 
present, the effective surface area for dissolution 
may be larger than the projected geometric area 
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Anodic Polarization of Titanium in Nonaqueous Base Etching 
Solutions 


Morris Eisenberg and Robert E. DeLaRue 


Stanford Research 


I 


ABSTRACT 


Results of systematic studies of the anodic polarizati 


tially nonaqueous electrolytic etching baths of hy 

Solvents included ethylene glycol, dioxane, and tetrahydrofuran. A direct 

method using nickel reference electrodes was employed. The dies covered 
current density range from 0 to 100 ma/cm’* at temperatures ranging fron 


a 
25° to 65°C. Plots of current density vs. net anode polarization show an inter- 


esting rapid rise of the polarization (by an incremental change ranging fron 
13 to 4.1 v) at a “critical” current density whose value depends on batt 
composition and temperature. The critical current density, which varied fri 
6.5 to 15 ma/cm’ (when working with ascending current densities has beer 
found, in the course of experiments designed to test the applicability of 
Faraday’s law, to correspond to a point at h chemical (local actior 
attack by the hydrofluoric acid is esse tially eliminated and the linear rate of 
anode dissolution corresponds to the requirements of Faraday’s law 

For a completely nonaqueous solution (including both HF and H.SO,) a 


cathodic polarization curve was also determined. A linear relationship between 
the polarization and the current density was found and interpreted to be dus 
both to the dissolution of the titanium cathode and to the hydrogen dischat 


process 


For each of the six solutions studied, the parameter L/k (dE/dI) was eval- 


uated and compared with the observed nonuniformity of the etching as mani- 


fested by electropolishing in areas of high current density. This parameter was 
found to be a valuable criterion of the uniformity of current distribution onl) 
within the range of conditions at which a desirable anodic process can take 
place. Anodic polarization and dissolution rate studies offer a valuable method 


for determination of the optimum conditions for anodic etching of titanium 
without causing hydrogen embrittlement 


In studies of electrodeposition of protective coat- with lattice constants of 3.608A and 3.517A, respec- 
ings of Cu and Ni on Ti and Zr, it has been found tively. To obtain an acceptable adherence, Colner, 
that the usual methods for removal of the oxide film Feinleib, and Reding (1) found it necessary to pro- 
do not necessarily assure satisfactory adhesion of the duce electrolytically a pocket-type roughening of 
coatings to the underlying substrate. Furthermore, the Ti surface in order to assure a mechanical bond- 
the cohesive forces between Ti and coatings of Cu or ing by means of keying and anchoring of the deposit 
Ni cannot be expected to be large in view of the on the Ti substrate. On this basis an essentially 
different crystal structures of the metals involved mechanical “as-plated” adhesion was sought. Hy- 
The room temperature stable phase of Ti (alpha) drofluoric acid solutions proved necessary for elec- 
has a hexagonal, close-packed structure with lattice trolytic etching, and to reduce the local action of 
constants a 3.228A and c = 5.120A. On the other the bath Colner and co-workers had to resort to 
hand, Cu and Ni have face-centered cubic structures essentially nonaqueous baths with small amounts of 
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bath 


6 water, they still found that 


In ethylene glycol baths containing as little as 
local action per- 
isted up to current densities of 18 ma/cm’. From 
this poin 


it on, a rate of dissolution linear with in- 
creasing current 


Earlie: 


preparation of Ti 


Was observed 
work in this laboratory on problems of 
surfaces for electrodeposition by 


means of anodic etching has pointed toward difficul- 
thes in 


obtaining adhesion and toward a necessity for 
elucidating the mechanism of the anodic etching. It 


was expected that a study of this mechanism would 


ld hy tim 
vield valuable information relating to the optimun 
conditions for obtaining the type of surface etching 


most desirable for electrodeposition purposes 


A systematic study was initiated of the 


anodk 


polarization of Ti in essentially nonaqueous baths 
employing ethylene glycol, p-dioxane, and tetra- 


Experimental Studies and Results 

A Lucite cell was constructed with suitabk elec- 
trode assemblies designed to allow accurate deter- 
mination of the polarization of single electrodes as 
a function of applied current density, without polar- 
ring the reference electrodes (Fig. 1). The refer- 
ence electrodes were built into the walls of the cell 
and connected to the main compartment by means 
of small capillary openings. Nickel wires were found 
Two 


were used in the cell walls near the Ti anode and a 


to be quite suitable as reference electrodes 


Ni cathode of the same size was placed parallel to 
the anode in the cell. Titanium metal Ti 75A 
cleaned by mechanical abrasion and degreasing was 
employed throughout these experiments. The elec- 
trodes were mounted in special Lucite holders (Fig 
1), and were insulated on the back side by means 
of epoxy resins. They had an exposed surface area 
of 50 cm’. The cell was thermostated in a large bath 
A stirrer with a constant speed of 415 rpm was em- 
ployed between the cathode and the anode through- 
out all experiments. Sometimes it was necessary to 
employ a Ni cathode, which was perforated to facil- 
itate a better heat transfer through the cell when 
an additional stirrer was placed behind it. This was 
necessary because in the dissolution of Ti, the anodic 


Supplied by Titaniun 


Metals Corporation 
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3.3. Nets rizot t Ti anode (Ti 75A) as a function of 
tien D-4 9% HF 66% H.O 815 
eacuion is highly irreversible, with an estimated 
tree energy for reaction of 


109 kcal/mole (for the 
formation of the TiF.* ion). The circuit is shown in 
By means of a rotary switch it was possible 
to measure the anode potential vs. reference 1 and 
also vs. reference 2 successively twice a minute. A 
variable voltage bias was employed, when neces- 
sary, tO measure potentials over 5 v. A specially 
designed multirange potentiometer recorded simul- 
taneously the potentials of a Ti anode against both 
references and thus provided the basis for calcula- 
f the iR-drop between reference 1 and the 
anode according to the direct method (2). In addi- 
tion, a recording oscillograph (Brush BL202) was 
employed to record rapid potential changes. A small 
ron-constantan thermocouple with a thin coating 
of polyethylene was placed in the vicinity of the 

thus permitting temperature measurements 
to be made 


anode, 


The resulting data were used to calculate the net 
anode polarization, i.e., the departure of anode poten- 
tial at various set current densities from the zero 
current potential determined prior to the experi- 
ment. Figure 3 shows a typical plot. 

Essentially nonaqueous solutions of HF in ethylene 
glycol were used. The solutions were prepared from 
a base of pure ethylene glycol in which gaseous HF 
had been dissolved. Water was added as desired to 
a maximum content of 10 wt The glycol base 
assured low chemical attack of the Ti by the elec- 
trolyte; the water improved the d-c conductivity of 
the bath. In one case, however. an entirely non- 
aqueous solution was used successfully with an 
H.SO, addition serving to improve conductivity. The 
compositions of all solutions employed are given in 
Table II. 

Polarization runs were carried out with both suc- 
cessively increasing and successively decreasing cur- 
rent densities. Slight changes in the anode potential 
occurred after each current setting, and within a 
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Table II. Compositions and Properties of Etching Solutions 


D-4 D-8 K-2 M-5 K-6 N-1 
j 
1. Composition | 
% HF 119 180 11.5 120 11.0 15 
™ KF 0.5 3 
% H,O 66 62 62 100 62 
c H SO, 15 3 7 
“ Dioxane 15.0 
THF 15.0 15 
(Balance ethylene 
ME - SECONDS 
2. Rate of chem Fig. 4. Rise of net anode polarization of Ti (Ti 75A) at tt 
dissolution at breakthrough cd f 105 mo m > stior L 4 ~ 
9 Cat no cul HF + 62 H.O + glycol. Run la. T 43 Cc 
rent (415 rpm) 
10Oles 1 25 18 13 j Wi 
cnr sec 1.39 1.10 2 
C.d. at min RUN 2e-Te395205°C 
anode losses CRITICAL C DO / 
ma/cen 


nmaverage (in 
Faraday’'s 
Law ) 


Min 


3.63 3.68 3.73 


rate of loss 


by chem. dis- “0 20 40 50 60 70 60 90 100 

solution at TIME ~ sec 

55°C (cale.) Fig. 5. Rise of net anode zation of Ti (Ti 75A) at the 

moles critical” cd of 16.7 ma/‘em Solut 
10° 0.15 0.18 0.20 0.08 16 a/cm’ 

cm? sec M.-5 HF HAC 5 dioxane 63 


minute or two the values became constant. The rapid on , 
current. This was justified by the fact th 


rise of potential on ascending current densities or . : . 

I se - tential rise usually took place quickly (within 
than 1 min) when the critical c.d. was reached o1 
exceeded. By applying small enough increments of 


drop in potential on descending current densities 


were investigated for each run by means of the 
Brush recording oscillograph. An example of this 
rise is given in Fig. 4, which shows that practically 


the entire change took place within about 10 sec. As 


current, particularly in the region at which the 
sition could be expected (on the basis of preliminary 


. experiments), it was possible to determine the riti- 
shown in this figure, such a change could take place 


: cal c.d. in a fairly reproducible manner. This can 

with an overshoot of as much as 0.1 v compared to } . . } f } 

be seen, for instance, in Fig. 6, in which for a sol 

2 tion containing 18°, HF the various branches of the 
30 sec. The current remained essentially constant 

. polarization curves are well reproduced. An impor- 


the final value which occurred after an additional 


during such a rise. In other cases, however, no such . : 
. : : tant feature of these curves is that the critical c.d 


overshoot was observed, as shown in Fig. 5 in which 


lew obtained with ascending current was always higher 
solution M-5 containing 15° p-dioxane was em- 
ployed. Here the bulk of the potential rise occurred 
within 25 sec. The entire change from the initial 


constant value to the final constant value rarely ex- 


than the value obtained with descending currents 


Another important feature is the dependence of the 


critical c.d. on the temperature, illustrated in Fi 


for three temperatures: 26°, 39.5°, and 55.5°C. With 
ceeded 60 sec. No attempt was made to replot the 


shape of these potential rise-time curves to the bath 
composition, as it is believed that the shape of these 
curves depends, among other factors, on the mannet 


ascending currents, the corresponding critical c.d 


values are 11, 17, and 32 ma/cm’, respectively. The 
values of the critical c.d.’s obtained with descending 


in which the particular applied current density was ee “ 
set 90 
It should be noted that the current density value 80 ' 4 
at which the sudden potential rise occurred (from 7O-RUN oe 
here on denoted as the critical c.d.) depended to a _ 60 
small extent on the experimental procedure. Thus EE 50 ‘ 
in an auxiliary experiment it was found possible to “4 j 


obtain this potential rise at a c.d. somewhat below 
the one accepted as the critical c.d. However, the 
time it took to arrive at the rise of potential, as well 
as the time period for the rise itself, were quite long, 
in one case as long as 40 min. For this reason it was 
decided to accept arbitrarily as the critical c.d. the 
value at which the rise of potential took place within 
a period not exceeding 5 min after the setting of the 


02 O02 O04 06 10 i2 14 16 18 20 22 24 26 
SE, volts 
Fig. 6. Net polarization of Ti anode (Ti 75A) as function of 
apparent c.d. Solution D-8: 18 HF 62 H.O, 758 
ethylene glycol 
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applied currents are lower, but remain in approxi- 
mately the same ratio. The critical cd 


generally with the chemical activity of the electro- 


increases 


iyte, which depends on its acid and water content as 
well as the temperature of the bath. For instance, 


with solution K-2 a change from about 40° to about 
95°C accounted for a rise in the critical ¢.d. (on 
ascending currents) from 8.5 to about 1 


7 ma/cm 


In the initial phase of these studies, anodic polari- 


ation curves were taken up to very high c.d.’s with 
the result that anodic limiting current plateaus were 


obtained (usually in the region of 0.05-0.12 amp/cm 


i 


lepending on the temperature and the solution) 
rhe upper part of Fig. 12 illustrates the achieveme nt 
f such a limiting c.d. plateau at 0.078 amp/cm 


Normally the anodic curves were not taken up to 


Values of critical c.d.’s obtained With ascending 
and descending applied currents at various tempera- 
+) 


ures (in the range 25°-55°C) for the six electro- 
‘ytes covered by this study are given in Table I 
ported (1), Ti undergoes 
chemical attack even in glycol solutions of HF when 
shied current is too small. Under such condi- 
tching takes place, resulting in a 
However, as pointed 
ut previously, in preparing Ti for electrodeposition 
purposes a deep pocket-type roughening is desir- 
able. This could be achieved only by electrolytic 
etching in low-activity, essentially 


nonaqueous, 
baths of composition representing a compromise be- 
tween a desirable low chemical] activity and satis- 
factory d-c conductivity. In such baths Colner and 
co-workers (1) found it necessary to apply a certain 
minimum c.d. to suppress the desirable chemical 
action. This minimum current increased with acid 
concentration of the bath, its water content. and 
temperature 

Since the critical c.d.’s obtained from anodic po- 
larization curves showed a similar dependence on 
temperature and acid concentration it was suggested 
that these critical c.d.’s are related or equal to the 
current values required for suppressing local action 
by chemical attack 

It was thought that studies of the rate of meta! 
dissolution as a function of applied ¢c.d. (with par- 
ticular attention to the low c.d. range) would lead 
to the determination of the minimum current re- 
quired to stop chemical attack as the point bevond 
which the metal dissolution proceeds according to a 
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Table |. Critical Current Densities 


Critical c. d Tem perature 
Ascend- Descend- Ascend- Descend- 
ng ing ing ing 
Solution Run No ma cr c 


w 


uw un 


to 
t 
© 
on 


M-5 la 10.3 81 25.5 25.5 
lb 11.5 91 26 24.5 
2a 16.7 17 39.5 39.5 
2t 20.2 43 40 39 
3a 27.2 18.2 55 55 
3b 32.7 17.8 55.5 55.5 


n os 
to 


2a 0.105 2.76 55 54 
(20 min (14 min 
N-] la 0.028 0.004 3 24 
18 min 21 min 
Ja 25 53 55 
2b 0.925-0.687 49.5 - 
0.924-0.656 49 
* Pote s r suaiiy occurred within 150 sec or less 
Wheneve ge e pe ds were ‘ ed. these are indicated ir 


linear Faradaic re lationship 


With this in mind ad- 
ditional experiments were undertaken in which Ti 


ai 


anodes were subjected to a constant current at a 


given temperature and for periods ranging from 10 
to 20 min. From the resulting weight losses and the 
Known number of coulombs passed, a check on the 
applicability of Faraday’s law was carried out fo! 
the six solutions employed in these studies (see 
Table II). The results for solution D-4. containing 
11.9 HF, are shown in Fig. 8 in the form of a plot 
of the rate of dissolution in moles/cm‘/sec against 
the applied c.d. Each point in this plot represents a 
separate experiment with a new Ti anode. The rate 
of metal dissolution by local chemical action, which 
takes place with liberation of hydrogen. gradually 


Fig 8. Rate of Ti anode dissolution vs. c 
11.9% HF, 66% H.O, 81.5% 


d. Solution D-4 
ethylene glyco 


165 
SCE NDIN T+24520 5° 
ASCEND 7239520 5° 
‘ *DESCE NOW 7.3950) 0° 
“DESCENDING 095.500 5* 
‘ 
~ 
‘ D-4 la 6.89 1.78 41 43 
— 
lb 8.14 1.40 39 38.5 
2a 13.7 3.65 53.5 55 
Va 2b 14.9 3.66 545 56 
. — 
: a D-8 la 8.83 0.87 25 25 
406 ‘ 2224 2628630 32 36 95 95 
lb 8.88 0.65 25 25 
2a 16.6 3.76 55 54.1 
} ver polarize anode (T: 75A) as funct 2b 20.2 3.79 55.5 54 
rene 4 5 a } 
apparen J M-5 2 HF, IC H:0, 15 K-2 la 8.60 2.82 40.5 43 
= = 
a °F st siti equired or 53 sex bv USiY Gue to the over- 7 
ar ver the Run 1 irrent Gensity value. This underscores the , : 
portance of relating the critical c.d. to the transition time 4" 
22 
20 
6 
L 
| 
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decreases until a minimum Is reached at a value of 
10 ma/em’®. From then on the rate of Ti dissolution 
follows a linear law increasing with the applied c.d 
along a straight line with a slope corresponding to 
an average number of 3.11 equivalents in Faraday’s 
law. With the value of this slope one can calculate 
the amount of Ti that should have dissolved if no 
other process but the anodic dissolution took place 
Extrapolation of the straight line portion to the zero 
current axis gives the value of the residual chemical 
attack which still persists after the anodic dissolu- 
tion essentially becomes the major mechanism The 
results of such calculations are shown at the bottom 
of Table Il. Using the co! rection for residual chem1- 
cal attack, the net total chemical rate can be calcu- 
lated (as shown in Fig. 8 by a dashed line) with 
the assumption tnat the residual chemical rate re- 
mains constant once the Ti is anodically polarized 
The validity of this assumption is subject to some 
dispute 

values 
obtained with the same solution at the same tem- 


For comparison the range of critical c.d 


These values 
generally coincide with the c.d ‘s at which the anodic 


perature (55 C) is indicated in Fig. 8 


electrochemical dissolution becomes the predomi- 
nant reaction 

Sometimes (see Fig. 9 and 10), the critical c.d 
values, derived from polarization runs, were large! 
than the c.d. at which reversal in the rate of dissolu- 
Such deviations were due to 
the different techniques used in the two types of 


tion curve occurred 


22 7 
Tess°c 
20: ——TOTAL MATE (EXP) 
——-RaTE OVE TO 
aT 
Tack CALC 
Pee 


4. 3 SO 


% 20 30 40 SO 6O 70 SO 
t- o/em? 
Fig. 9. Rate of Ti anode dissolution vs. ¢ d. Solution K-2 
tetrahydrofurar 67.3 
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Fig. 10. Rate of Ti anode dissolution vs. ¢ d. Solution M 5 
12% HF, 10% H.O 15% dioxane 63% ethylene glycol 
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experiments. In the study of dissolution rates, a new 
specimen was used for each point; however, a single 
anode was employed in a polarization run with the 
result that the surface of the anode was already 
roughened when the critical c.d. point was reached 
If. as it happened in some runs, the roughening s1£- 
nificantly increased the true anode surface ates 
the observed (apparent) critical c.d. values were 
larger than normal 

The experimental value of 3.11 Faradays pe! mole 
of metal, shown in Fig. 8, suggests that Ti dissolves 
in the form of two 10ns, the +3 and the +4 titanium 
ions. It is believed that both of these 10ns complex 


readily in solution, forming primarily TiF.* and 
TiF.*. Since the solutions employed in these expe 
riments were essentially saturated with air, all Ti 
would eventually be oxidized to the +4 state In- 


deed, preliminary polarographic studies gave only 
reduction waves for solution samples taken neal the 
anode at the end of a run, thus indicating the pres- 
ence of reducible species Reduction potentials of 
approximately 0.44 v (half-wave potential vs the 
mercury pool) were obtained with diffusion cul rents 
suggesting Ti" concentrations ranging from 3 to 
8 millimoles per liter Reduction of Ti 
quire much higher potentials 


would re- 


It should not be surprising that Ti can dissolve 
simultaneously in the +3 and the +4 state. If the 
values for standard potentials in aqueous solutions 
given by Latimer (3) can be used as an approxima- 
tion, one finds that the oxidation potential for the 
formation of the TiF.~ 10n 1s 1.19 v and that of the 
y (and probably of TiF.*) formation would be 
1.21 v. While these values do not apply directly to 
the systems employed, they give 4 fair approxima- 
tion of the free energy) and standard potential re la- 
tionships that might be involved in the two dissolu- 
tion reactions. On this basis it can be € xpected that 
the actual electrode potentials at W hich Ti can go 
into solution in either 1onic form are fairly close and 
the two processes occul simultaneously 

As mentioned above, the extension of the lineal 
portion of the anode dissolution curve to intersection 
with the zero current intercept should indicate the 
value of the minimum rate of chemical attack on Ti 
that still persists, at least at this transition point. In 
the calculation used for Fig. 8 through 11 this mini- 
mum value was assumed to apply throughout up to 
high c.d.’s. A value of 3.50 Faradays/mole (see 
Fig. 9) would indicate that half of the Ti dissolves 
in the +3 and the other half in the +4 state How- 
ever, if with increasing c.d. this minimum rate of 
chemical attack should in reality still decrease, then 
the actual slope of the line (from which nm 1s calcu- 
lated) as plotted in Fig. 9 or 10 would increase and 
therefore would decrease the number of Faradays 
mole in the direction of the value of 3.0. It can thus 
be safely said that in most of the cases studied at 
least half of the Ti went into solution in the +3 state 
rather than in the +4 state. Attempts to carry out 
calculations with the assumption that the +2 state 
is favored showed the latter reaction to be improb- 
able. The standard oxidation potential estimated by 
Latimer for the formation of the 


+2 ion is large! 


2 
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a 
€ a Rance 
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4 
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e/em? 109 
Roe 4 4 > 4 
HE 42 HO 75R th 
than for the other ions, namely. about 1.63 Figure 
‘0 shows results of similar calculations performed 
for lution M-5, in which two sets of runs are given 
the general agreement is found to be quite satisfac- 


tory. It should be noted, however, that in this case 


inversion of the rate took place 


was significantly lower than the critical c.d. range 


letermined through the polarization measurements 


ll for solu- 


is shown in Fig 


It is interesting to note that in all cases (for a 


given solution and temperature) the critical cd 


values were larger than the c.d. at which the inver- 


he dissolution rate occurred 


le these disere pancies cannot be accounted for 


itatively, a satisfac tory qualitativ e explanation 


juan n 


becomes available when the difference in the pro- 


cedures in the two types of experiments is con- 


i> 


In the dissolution rate vs. ed 


studies, a 


fixed total current was applied to a new. smooth Ti 
Ph 


anode and kept constant. Each point on the plot 


represents a separate specimen. The apparent c.d 


value for inversion in the rate found from such a 
plot is thus fairly close to that of the true c.d. Or 
the other hand, in the polarization experiments com- 


plete curves were taken on ons anode, which thus 


underwent progressive suface roughening (to a ma- 


unor extent depending on the number of 


oOulombs passed) with the result that the measured 


apparent < values were significantly larger than 


1e true current densities. Thus the observed critical 


(apparent) c.d. value was also larger than the value 


one would expect on a new, smooth Ti surface 


latter should obviously be smaller and coincide with 


1e ¢.d. at which inversion of the rate takes place 


The soundness of this explanation was confirmed 


when a polarization curve was taken with a fresh 


anode at which current was passed for a short time 
(compare Fig. 8) 
For Solution D-8 (Fig. 11) in addition to the 


average value of n, 


slopes corresponding to n 3 
This shows that in the lowe 


and n 4 were found 


c.d. range the 
c.d.’s the 
Another problem investigated was whether a pre- 


3 state is favored while at highe1 
+4 state is predominant 


vious or simultaneous anodic treatment of a Ti 


specimen affects the rate of chemical dissolution 
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itself. This was of interest because it was thought 
that passage of current removes the protective oxide 
from the Ti and facilitates the rate of chemical local 
action. Experiments carried out with specimens 
treated at 5-40 ma/cm* for 1 min and then left in 
the same electrolyte with no applied current for 10 
min indicated that the rate of chemical action was 
essentially the same as the one obtained without any 
previous passage of current. Hence the chemical 
activity of the electrolytes is sufficiently large to 
remove any TiO, films which might interfere with 
e metal dissolution process 

In the solutions discussed above. small amounts 
of water were used to improve their conductivity 
It was thought desirable to investigate the behavior 
of a completely anhydrous electrolyte in which 
H.SO, (100°, ) (instead of the water) was used. The 
HF and 15% H.SO. 
(N-1 in Tables III and IV) was found to have the 


ethylene glycol solution of 15 


Table Ill. Slope of Polarization Curves 


2 tr tics c.a \ ue 


As De scencing 
E iE 

Te t 

Ss N Cc 

D-4 la 12.1 41 12.6 43 
lb 10.5 39 11.1 38.5 

2a 0 53.5 1.78 55 

2b 0.7 54.5 0.024 56 


D-8 6.4 25 6.31 25 
4.5 25 3.28 25 
0 55 2.34 54.5 
0.5 95.5 3.32 54 


K-2 la 6.3 40.5 8.00 43.5 
Za 2.9 55.5 1.1] 55 
2b 2.4 1.78 

M-5 la 29.8 25.5 27.3 
lt 26. 26 32.7 
Za 16.8 39.5 19.7 
2b 16.4 40 17.4 
3k 10.4 95.5 11.1 

K-6 la 33.7 35.7 25 
2a 7.37 11.9 54 

N-1 la 0 0 24 
Za 6.30 9.01 $5 
0 49 


D-4 D-8 K-2 M-5 K-¢ N-1 
Conductivity, k 
mhos/em 10 442 10.7 38 632 17.9 235 
k-dE dl 
volt en 
10 172 2.70 82 998 132 740 


(dimensionless 


(L width of 


electrode 152cm) 885 565 186 152 11.5 > 05 
Dimension, a (average 

electropolished length 

near edges, i.e., high 

c.d. area), at applied 

average c d of 

45 ma/cm’, 

microns 270 225 50 115 

* The ilue f this s t Was excessive irge and difficult 
t jetern e. The usef « z ge Was ted and the pit 
le hs were it > 

* Insufficient and non-unif etching at 15-25 ma‘ At 45 


<6 
| 
- 

A similar discrepancy 
tion D-8 | 

jor 
ut Table 1V. Throwing Power in Etching Baths at 55°C 7 
if 
. 
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ethylene glyc 


highest conductivity 
(0.235 mhos/cm) 


among the solutions studied 


Both cathodic and anodic polari- 
zation studies were carried out on Ti in this svstem. 
as shown in Fig. 12. Several interesting features can 
be noted. The anodic behavior was analogous to that 
in the other solutions except that Ti polarized much 
stronger (by about 4.1 v) already at a very low 
(critical) e.d This agreed 
with the practical observations that Solution N-]1 


gave poor etching of the Ti 


(less than 1 ma cm) 


anodes and tended to 
cause electropolishing at c.d. values as low as 20 
ma/cm 

The cathodic polarization of Ti in Solution N-] 
was remarkable because the usual logarithmic de- 
pendence on the c.d. (as called fo: by the Tafel 
equation) was not followed. Instead a perfectly lin- 
ear relation was found between the cathodic polari- 
zation and the applied c.d. From the results shown 
in Fig. 12, the following relation for the net cathodic 


polarization is obtained 

AE 61 (1) 
where AE 
and | , amp/cm’. A similar straight 
line relationship, although with a different slope 


value, was observed by Straumanis and co-workers 
(4) in aqueous solutions of HF 


total net cathode polarization, volts. 
current density 


In comparing the 
behavior of Ti in aqueous solutions of various acids 
they concluded that the linear dependence takes 
place if the cathodic metal, Ti, dissolves with hydro- 
gen evolation in the HF acid solution, whereas a 
logarithmic relation is obtained if it does not dis- 
solve, e.g., in HCI solutions, but behaves as a noble 
metal. In the nonaqueous solution (N-1) employed 
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in the present study, in addition to the cathodic re- 
duction of hydrogen (H’ — '2H.), the chemical dis- 
solution of Ti takes place, due to the presence of 
HF (Ti + 3H — Ti 3/2H.), as confirmed by ob- 
served weight losses of the electrode 

No cathodic polarization studies were carried out 
on the solutions containing a small amount of wate 


however, in view of the behavior of completely 


aqueous systems (4) and the results of the present 


study, it is reasonable to ¢ xpect that linear cathodi 


polarization curves would result for a 


tions employed in this study 


curves may differ from case to case duc 


HF acid activities 


Discussion and Conclusions 


The anodic behavior of Ti in essentially nonaque 


ous electrolytes is dominated by the presence of a 
“eritical ¢.d."—a particular value of the apparent 
c.d. at which the incidental chemical attack of the 


netal by the electrolyte is suppressed and the anodic 
reaction becomes the controlling process 


the critical c.d. were found to be usually larger when 


Values of 


obtained with ascending, 1 with descending, 
This 


at least in part, by 


ap- 
phed currents “hysteresis” can be explained, 
(a) increased surface 

1.e., lowering true current density in 


scending 


runs which followed the ascending runs 
and (b) the natural tendency to overshoot the ap- 
plied current in ascending runs and to undershoot in 
descending runs 

In general, the critical c.d. increased 


and the chemical activity of the 


increased with the content of HF and of wate 


* givcol base solutions The combined effect « 


Wo Is to increase the thermodynami 


of the acid in the solution and the rate 


attack with the resulting evolution 


acco! ding to 


This reaction involves a flow of elect: 

metal to the electrolyte and results in disch 
protons; it is thus essentially a cathodic 
When the 


dissolution of the metal becomes the dominant proc- 


process 


value is reached the anodic 
ess according to either 
(Illa) 
(IIIb) 
and the cathodic reaction (II) is then suppressed 


Since reaction (II) 


hydrogen capable of severe embrittlement of the Ti. 


involves evolution of atomic 


the critical ¢c.d. is also an important concept in prac- 
tical consideration of anodic cleaning or etching of 
the metal 

The magnitude of the critical ¢.d. in anodic polari- 
zation considered a measure of the 
chemical activity of the bath. Comparison of critical 
c.d. with the compositions of Solutions D-4, D-8. 
and H-5 (Table II) indicates that an increase in 
water content (from about 6.4°, to 10% ) 


runs can be 


Causes a 


The actual form of the n is probably TiF ind TiF 


i of the solu- 
iopes of such 
| 
. 
F 12. Net ar and cathodic Irizatior * T 
apparent cd ut n 15 HE 5 sO 7 
| perature 
the 
of metal 
hydrogen 
3H — Ti 3/2H (II) 
the 
ge of 
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much larger increase in critical ¢.d. values than re- 
moan increase of the acid concentration 
The presence of cyclic ethers such as dioxane and 
rahydrofuran apparently does not affect the 
iemicai activity of the solutions 

The rapid potential shift at the critical c d. repre- 
sents the onset of the polarization of the Ti electrods 
associated with the normal electrochemical dissolu- 
tion reaction. This rise in potential must therefore 


be clearly differentiated from limiting current pla- 


teaus which, incidentally, are rarely observed in 
such a form for anodic metal dissolution processes 
In supplementary experiments it was found that by 
Carrying out the reaction to large enough c.d.’s an 
actua! plateau was obtained. The latter corre sponded 
to discharge of oxygen. However, such reactions 


couia not be studied very satisfactorily because o 


the extreme amount of heat involved at very high 


c.d.’s and because of the diffic ulty of controlling the 
current and the temperature 

From the studies of the rate of metal diss: ution 
with and without applied current, the rate was 
found t lecrease from the zero current value to a 
minimum at a c.d. (] ) close to the critical c.d 
(I ) obtained trom anodic polarization studies 
the same solutior From the | value on the rate 
Vs. ¢.a., pilots follow a linea elationship according 
to Faraday 5 law The slopes of the stra ght line 
portions correspond to values of n (number of 
equivalents/mole) ranging from 3.11 to 3.73 (Table 
II), thus indicating that the relative amounts of Ti 
and T formed through anode dissolution depend 
on the composition of the electrolyte 

T} igh extrapolation of the straight line portions 
of the rate vs. c.d. plots the minimum residual rates 
due to chemical attack (persisting simultaneously 
with the anodic dissolution) were estimated These 
esidua re found to be, by an 
orde than the ero current 


ate (compare Table II). The persistence of a resid- 


ial chemical attack rate and its value are important 
determining the suitability of a given electrolvt 
I anodic treatment of Ti from the hvdroger em- 
brittlement point of view 
Generally in electrolytic etching it is important 
to obtain as uniform a c.d. distribution as possible 


Otherwise, in the high c.d. areas near edges and cor- 
ropolishing takes place while the central 
area of the specimen is at the optimum etching con- 

this reason it was interesting to investi- 


gate how the various baths compare in respect to the 


uniformity of the secondary current distribution. 
i.e., throwing power. In a special set of experiments 
Ti specimens were etched at several c.d.’s in the 
various baths and examined metallographically in 
cross section. The extent of smoothing due to elec- 
tropolishing near the edges was measured in terms 
of an electropolished length adjacent to the outer 
edge. These values are shown as dimension “a” in 


Table IV 


of a bath can be best described in terms of a dimen- 


As is known (5, 6) the throwing power 
sionless parameter (L/h.) which represents a ratio 
of a characteristic length dimension over the product 
of the conductivity and the slope of the polarization 
with respect to the applied current 


Using the slope 
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values from Table III the values of the dimensionless 
parameter were calculated at 55°C for the six solu- 
tions under study and compared with the measured 
electropolished length “a” Inspection shows that 
with decreasing value of the parameter the electro- 
polished length “a” diminishes as the theory would 
Strictly speaking, throwing power should 
be evaluated experimentally by means of the Haring 
method or according to the method of sectioned elec- 
trodes (7). However, when out of practical consid- 
erations one is concerned with a uniform etching of 
the surface, direct observation and measurement 
provide a satisfactory way for corré lating uniform- 
ity of etching with theory and fo: determining the 
suitability of a given etching bath 


The cri 


erion that the parameter, L/h., should be 
at a minimum for ptimum throwing power cannot 
be used, of course, without limitations. In some 
solutions, it is possible to obtain a fairly good sec- 
ondary current distribution (and low values of 
L/h.) without a Satisfactory etching. Thus Solu- 
tions M-5, K-6, and N-1, which showed the lowest 
values of L/h 


ty ] 


tropolishing even at c.d.’s below 45 ma/cm’ (in most 


(see Table IV) tended to cause elec- 
cases, dimension “a” could not even be dete rmined). 
Of the entire group, Solution K-2 was definite lv the 
most suitable for etching purposes on the basis of 
the most uniform and deep surface roughening 
However, Solutions K-6 and N-] (of low parameter 
values) were not suitable for etching at al] This 


demonstrates that the magnitude of the paramete 


L/h. is primarily a criterion of the unif 


secondary c.d. in a cell and by itself is not sufficient 


to determine the suitability of a given solution fora 
desirable anodic process. Its usefulness for predic- 
tion of throwing power is thus limited to a range of 


Ol 


conditions within which the desirable electrode 


processes can take place 
rhe anodic polarization studies for Ti In essen- 
tially nonaqueous solutions. coupled with rate 


studies as a function of cd. represent a reliable 
method for determination of the suitability of an 
electrolyte and of the optimum operational condi- 
tons, e.g., temperature and c.d., for anodic etching 
of Ti without causing a deterimental hydrogen em- 
brittlement of the metal 


Manuscript received July 16, 1956. This paper was 


prepared for delivery before the Cincinnati Meeting 
May 1-5, 1955 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the 


ecember 1958 
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Technical Note 


Allentown Laboratory, Be 


In recent years there has been an increased de- 
mand for a simple, straightforward technique to 
analyze junctions in Si. These junctions may occur 
as an uncontrolled series of striations during the 
growth of single crystals for raw material evalua- 
tions. They may also be created purposely by dop- 
ing during growth or by alloy or diffusion processes 
on wafers. In the first case one may wish to deter- 
mine qualitatively the degree of homogeneity in the 
single crystal. This observation can be used to ap- 
praise the extent of removal of N-type impurities 
by observing a cross-sectioned single crystal afte: 
refining the raw material. In the other two cases 
junction depths may be measured and the degree of 
planarity examined 

Several methods have been used for this type of 
analysis. Originally one used finely divided particles 
of BaTiO, (1) which concentrated along a junction 
barrier under the influence of an external electric 
field. A second procedure, highly successful in Ge, 
has been copper electroplating using a pulsed field 
in an appropriate electrolytic solution of CuSO, (2) 
A third process, perfected by Fuller (3), involves 
staining of the surface using a suitable combination 


if HNO, and HF 


P-type region darker than the N-type 


A preferential oxidation stains the 
The gold 
chemiplating technique is analogous to the Fulle 
tain. It is believed that this plating action in the 
vicinity of the junction is accomplished by prefer- 
ential reduction, gold first appearing on the N-type 
region relative to a P region. The advantages of this 
technique lie in the relative simplicity of sample 
preparation and subsequent processing. The result- 
ant pattern shows excellent definition enabling one 
to detect junctions readily 
Originally, Au chemiplating was used in making 
ohmic contacts on Si diodes. A discussion of this 
process is given in detail by Pudvin (4). During the 


course of plating disks prior to device fabrication 


it was noticed that initially Au did not plate uni- 
formly. This observation prompted a more complete 
investigation, the results of which are herein de- 


scribed 


Experimental 
The sample is prepared by lapping with 600 mesh 
carborundum powder, rinsing well with deionized 
and drying quickly with an air blast. It is 
then immersed in the plating solution. Care is taken 


water, 


Junction Delineation in Silicon by Gold Chemiplating 


S. J. Silverman and D. R. Benn 


Te ephone Laborator es, Ine 


not to contaminate the surface during handling 


otherwise, spurious patterns may develop. The fol- 
lowing plating solution is identical to that described 
by Pudvin (5): (a) 16 g KAu(CN),. (67 
tent); (b) 200 g KOH; (c) deionized H.O for one 


of solution 


In order to obtain reproducible results, both heat 


and light are necessary. This requirement is easily 


satisfied by using an infrared lamp. A solution tem- 
range of 30°-70 C is desirable, depending 
yn the type of junction The reaction is seriously 


hampered by the | 
tures below 5 C. Those junctions having a less pro- 


nounced change in the net impurity concentration 


N N,. across the junction re quire higher tem- 
peratures and longer exposure times in the solutio 

A fte the patter! shows sufficient the 
chemical action is stopped by removing the sample 


from the bath. It is rinsed immediately with tay 


water and dried with an air blast 


Various surfaces have been examined for the pro- 
duction of an optimum pattern. Attempts to plate an 
etched surface have been unsuccessful in that the 
resulting deposit is neither reproducible nor ad- 


herent Although shar} ly defined striations ap- 
peared, the color contrast is decreased and the pat- 
ern is easily obliterated by additional Au which 
soon plates the surface indiscriminately. A deli- 
cately adherent film, 
Linde A polished surface. It is felt that this type of 


surface preparation is more desirable when investi- 


however, can be plated on a 


gating thin junction depths of the order of 0.5 mil 


resolution under a microscope 


because of bette 


Such a smoothly abraded surface requires a longe: 


purposes of 


plating time than a coarse one. For 
rapid, reproducible analyses, however, 600 mesh 
carborundum powder is satisfactory. Figure 1 shows 
individual striations whose widths have been meas- 
ured to be about 1 mil on a single crystal lapped in 
the latter manner 
Mechanism 

The over-all process mays be classified as a dis- 
placement reaction described by the following re- 
action 

4KOH + Si 
4KCN + H. + H.O 


2KAu(CN) 

> 2Au K.Si0 
Although the electrochemical action causes Au to 
plate on a Si surface according to this equation, it Is 


a 
ine 
Voctet 
|| Allentown, Penns nia 
= 
70 
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re 
lanation 


ext 


electron pairs are created. The minority carriers in 


either region diffuse across the transition region 
under the influence of the built-in field created by 
Ad. A photovoltagse then is created on the surface 


the 
dissociation of 
the 


negative region and plate on the 


Positive 
the Au(CN) 


surtace 


nea junction Au ions resulting from 
complex in the solu- 
attracted to the more 
N The photo- 


re pronounced the greater the poten- 


tion above are 


side 


voltage is m« 


Carrie additional experiment illustrated the effect of 
oncentration on either side, as n Fig. 2 the potential difference of the Junction on the de- 
Psi represents the Fermi level and Ad is the change position rate. Part of a grown NP junction was cut 
n electron energy when going from the N region to in half. The N region and the P region were sep- 
the P. Neglecting possible complications due to arated and then immersed in the plating solution to- 
urtace states, one can, by the following equation gether with the original junction. The plating times 
epresent to as a function of p and n, where p is were observed as follows: (a) the N region of the 
the density of excess holes in the P re gion. n is the unction, 30 sec; (b) the isolated N region. 4 min; 
lensity of excess electrons in the N region and n (c) the isolated P region, 7 min: (d) and the P 
represents the density of intrinsic carriers region of the junction, 40 min. These results indi- 

KT a cated that, although one can plate Au on any Si sur- 
Ad d In — face, the presence of a junction can be detected 
more rapidly, thus making this technique a very 

This equation then represents conditions in the positive method of junction delineation 
vicinity of the junction which satisfy requirements Table II is a summary of the relative ease in get- 
f thermal equilibrium and charge neutrality ting positive results for various types of junctions 
throughout the specimen It can be seen that this technique is applicable to 

If, now, one shines light on the junction, hole- all types of junctions with Varying degrees of 


tial difference across the junction. It has been ob- 
served that the of with 
difference; the greater the of 

the P and N regions 


Au plates onto the 


rat atin 
rate platin r 


this 


icreases fil 


concentration excess 


i@TsS 


in 
the 


a 


respectively, the 


faster 


more 


negative region 


In order 
could 
diffe 


to I 


the 


ross 


te 


approximate conditions wherein one 


with potential 


a junction, several single conduc- 


rate 


vary deposition the 


rence 


ac 


tivity 


crystals with different N-type concentrations 
prepared. These measured by standard 
two-probe resistivity techniques, cut 
diffused 
P 


were 


were 


into samples of 
ly with the 

(boron) diffusant 

high 


$12 


and 


equal 


simul 


taneous 


same amount o t 


to 


tv pe form 


the 
the 


were prepared by 


‘tions 


junc ( 


in 


denotes the concentrati 
( laver ) 


After the 
the previously described experi- 
and 


iiffused diffusion 


specimens 


iv 
sim 


Figure 


mental procedure ultaneously immersed 


3 


in 


the plating solut 


NP 


average 


t\ 


ypical examp 
made of 


the Au to become suffi- 


] 


i¢ i€ 


an 


were 


the 


Imes required fo 


th the 


thick that became lin 


Junction 


eated 


I shows tha 


higher 


suc- 


i 


Table | 


A comparison of plating times for the same junction types 


Cond N»-N Jun Avg. plating 
Group Specimen twpe nat. cx ty pe time, mir 
I A N 1.1 10 NP 3.8 
B N 5.2 « 10 NP 1.8 
I] Cc N 1.6 10 NP 5.8 
D N 5.8 ; 2 


j 
JUNCTION DELINEATION IN SILICON 171 
Original ssterial — 
= 
B-type 
Cia 2 
'g. 3. NP* junction. Magnification 30X before reduction 
Fig triations in a single-crystal cr 
fatter oe 
Fig. 2. Potential dietiibution in tunica? PM 
miy , +} r) > ly 
ay in the presence of light that one can obtain = inction. M spas 
consistentiv predictable results in which the Au t : 
plates first on the 
ion (6). A brief gam of the possible mech- Table EEE a 
sm rect i t those specimens with the 
al responsible for this phenomenon is presented N trat 
pe concentration and, hence, the larger poten- 
implhified energy diagram of tial differenc th 
‘lai aiiterence across the junction exhibited the i 
pical P-N junction, one notes the potential dif- faster deposition rat. 7 : 
a 
4? 
he 
ORs 
ze 
1 
ie 
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Table II. A comparison of the plating times for different 
junction types 


Avg. plating 


Junction type time, min Reproducibility 


PN Excellent 
PN Excellent 
NP’ Excellent 
Good 

PP Good 
NP’N Fair 

NN - Questionable 


cess. The reason for the poor reproducibility on NN 
is not known. It is possible that surface states so 
alter the potential difference as to render the effect 
undetectable 

When one attempts to duplicate these general ob- 
servations at the same temperature without expos- 
ing the samples to the light source, the results are 
not reproducible. A simple experiment was devised 
to compare the plating action on a given junction in 
the light and then in the dark. The same specimens 
were immersed for equal times in the same p! 
solution, first in the light and then in the 
the light Au always deposited on the more negative 
regions first. In the dark, however, several of tt 


previously examined junctions plated in the op- 
posite manner, on the P-type regions first; whereas 
on the other surfaces Au plating was 

Therefore, it has been concluded that the 
th 


nat 


voltaic effect 


be predicted reliably from theory 


is essential to obtain results 


March 1958 


Examination of the foregoing results leads one to 
suggest that Au chemiplating, essentially a reduction 
process, complements the Fuller etch (3), an oxi- 
dation process. Whereas Pudvin (4) has adequately 
described the chemistry for Au chemiplating in the 
dark, the present study offers a model to explain the 


reaction in the presence of light 


Conclusions 

It has been shown that the Au chemiplating 
nique has been highly successful for sim 
qualitative analyses of junctions in Si. 
are permanent until the Au is removed 
solving or lapping 
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The importance of the knowledge of the quantum 
efficiency of any phosphor is widely accepted; apart 
from its theoretical importance in the consideration 
of the mechanism of the processes involved in lum- 
nescence, it is a valuable guide to the luminous 
efficiency which may be expected from a phospho: 
when incorporated in a lamp. Discrepancies between 
the precise values given by various authors for par- 
ticular phosphors are still rather wide, as are the 
differences in the methods of measurement. This 
paper is intended to review both the published data 
and the methods used, in the light of original work 
on various phosphors by some of these methods 


The quantum efficiency of a phosphor is defined 


1e number of quanta emitted to the 


a measure of the en- 


of all absorbed pho- 

general, this includes 


rared, since it is absolute 


han the quantum effi- 
ciency in the visible which is under consideration 
When measurements of emitted radiation are taken 
only in the range of about 4000-7000 Angstrom 
units, that is, when the ratio of the number of 
quanta of visible radiation emitted to the number! 
of quanta absorbed is quoted, a fall in quantum effi- 
ciency might be observed when a range of phos- 
phors is examined, if the spectral energy distribu- 
tions overlap increasingly into the ultraviolet or in- 
frared regions. This observation might imply a 
change in the process leading to luminescence al- 
though, in fact, the quantum efficiency. as defined 
above, may be unaltered. The value corresponding 
to the more precise definition may be rather more 
difficult to measure in some cases, due to the diffi- 
culties involved in changing photocells at the ends 
of the spectrum in optical methods, but this would 
seem to be overcome when the determination of 
the non-emitted energy is made thermally, when no 
differentiation occurs between visible and near visi- 
ble radiation 

The quantum efficiency of a phosphor may vary 
both with the wave length (1.2) and the intensity 
of the exciting radiation: for example, some phos- 
phors have broad excitation spectra and are strongly 
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excited by both 2537A and 3650A radiation, but 
most phosphors have a comparatively narrow ex- 
citation spectrum. For certain sulfide phosphors, the 


quantum efficiency is reported (2) to be constant 


at the fundamental absorption frequency, thereafter 
falling as the anti-Stokes region is entered. Most 
measurements have been made at the wave lengths 


of the strong mercury lines, e.g., at 3650A for sul- 


9: 


t 


fides and at 


7A for halophosphates. A nonlinear 
dependence of quantum efficiency on the intensity 
of excitation has been observed in sulfide phosphors 
(3-6); the effect is more marked when nickel is 
present and varies with temperature and the con- 
ntration of the nickel. The intensity of the source 
use is rarely, if ever, quoted when quantum effi- 
ciency results are published, however, and in com- 
paring results, one must assume that the conditions 
of excitation do not differ widely in intensity 
The measurement of quantum efficiency has been 
carried out in four different ways: by direct optical 


ements, from measurements of lamp efficien- 
cies, by comparison with a fluorescent powder hav- 
ing a known quantum efficiency, and by a calori- 


metric method. These are discussed below 


Methods 

Direct optical measurement.—In the method used 
by Fonda (7), the spectral energy distribution of 
the phosphor emission under monochromatic radia- 
tion was determined by the use of a spectrophotom- 
eter, the intensity of the emitted lines being com- 
pared with that of a standardized tungsten lamp 
The efficiency of excitation, given by the ratio of 
visible fluorescence energy to the energy of the ex- 
citing radiation, was obtained, the fluorescence en- 
ergy being measured in an integrating sphere with 
a photovoltaic cell and correcting filter. Conversion 
to lumens was achieved by calibrating the sphere 
or light of known wave lengths, and measuring the 
radiant energy with a thermopile. Values for the 
quantum yield were obtained for zinc and cadmium 
silicates, zinc sulfide and zinc cadmium sulfide, but 
quantum efficiences were not derived in the ab- 
sence of data on the absorption of the exciting ra- 


diation by the phosphor. However, since 


by 
ctto 
iN 
Soctet 
=), 
‘ 
as the ratio 
number absorbed: it is thu; ii i 
ergy loss due to the failure i 
tons to lead to emission. In b 
| | 4 
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No. of quanta of radiant 


energy falling on sample 
Quantum vield. 4. 


No. of quanta of fluorescent 
energy emitted 


No. of quanta emitted 
by sample 
and Quantum efficiency 1 : 
No. of quanta absorbed 
by sample 


where r is the reflection coefficient for exciting light 


Values of 1/6 give minimum values of quantum 


efficiency of 0.77 for zine silicate: Mn. 0.36 for zinc 


sulfide:Cu and 0.24 for zinc cadmium sulfide:Cu. A 
similar method has been used by Kréger (21) 

In a later paper (8) the quantum efficiency of 
tungstate, measured by a= similar 
method, was reported to be unity. This is higher 
than other published values from 0.70 to 0.90 (9-11) 


magnesium 


The quantum efficiency of zine sulfide:Cu and 
zine silicate: Mn has been determined by Antonov- 
Romanovsky and Epstein (12): the phosphor occu- 
pied the between two concentric 


space quartz 


spheres, fitted with ports for the exciting and 
emitted radiation. The energy of the former was 
measured by interposing a calibrated thermopik 
and the latter by a photocell. The energy absorbed 
was determined by comparing the brightness of a 
luminescent screen when exposed to the incident 
radiation with that obtained when the screen was 
placed at the exit port of the sphere 

The quantum efficiency of ZnS:Cu was found t 
of 0.50 at 3600A: Zn.SiO,:Mn had a 
maximum value of 0.60 from 2200A to 2600A. fall- 


be a Maximum 


ing to zero at 3100A. This is lower than the mini- 
computed above and may be due t 
cular sample used 

This method, which is capable of givin 


absolute 


values of quantum efficiency, involves measure- 
mental difficulties and other, more convenient 
methods have been used for the determination of 
quantum efficiency 

Comparison method The method (13) consists 


of evaluating the quantum output of a phosphor rel- 
nesium tungstate by integrating the 
product of fluorescence energy and wave 
range and expressing this as a per- 
centage of the quantum output of magnesium tung- 
State obtained Division 
of this value by the phosphor absorption for the 
exciting 


inder identical conditions 


radiation gives the quantum efficiency re- 
lated to magnesium tungstate. Since. as mentioned 
above, a quantum efficiency of unitv has been re- 
ported for this phosphor (8), the relative quantum 
efficiency 


tesults were reported (13) for calcium halophos- 


is taken to equal the absolute value 


phate phosphors containing optimum amounts of 
manganese and antimony and antimony alone: the 
reported value of 0.85 for the former is somewhat 
lower than most published values 

The measurements required by this method take 
much less time than in the previous method. but a 


disadvantage may lie in the reliance on the value 
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for magnesium tungstate. The method is verv use- 
ful, however, where series of phosphors are to be 
compared, although it leads to a 
efficiency” 


“visible quantum 
rather than the absolute quantum effi- 
A variant of this method 
has been used by the author for the determination 


clency as defined above 


of the quantum efficiency of four standard phos- 


phors. From spectral energy distributions. plots 
were made of the variation of the energy function 


Ex and the luminosity function Ey with wave length 


and integrating over the wave-length rang: from 
3600A to 7300A, thus including the whole spectral 
emission. Since the measurements were made ove! 
a period, values of E were not necessarily consist- 
ent; the curves were normalized by determining the 
brightness of the phosphors relative to magnesiun 


tungstate in a simple powder photometer which em- 


ployed a circular quartz lamp and selenium cell 
with correcting filter 

The observed integral Eada is normalized by the 
application of the factor F 


where B 


MegwoO 


DOrightness and 


Then 


QE F 


e fact that 
the general level of these figures is ather high ma 
be itt butable to the assumption of a highe ett 
cien¢ for Magnesium tungstate tha justifiable 
the agreement w th p iblished data fi halophos- 
phate vithin 9 which is the expected varia- 
tion although, wher he are compared unde 
the same n mh «ai the esuit 
might be « xpected to ave a ille spread, sa 

2 The last column in Tal le I st \A Vaiues com- 
puted for a quantum efficiency of 0.90 for magne- 
sium tungstate as deduced fron lamp efficienc 
measurements 

If as seems reasonable spectral energy duistri- 
butions can be assumed to vary little with small 
Variations in composition, the €lative ¢t ghtness of 
a phosphor becomes a useful measure of the quan- 
tum efficiency 

Lamy efficiencies The method of deducing 
quantum efficiencies of lamp phosphors from the 


luminous performance of fluorescent lamps Was in- 


troduced by Thaver and Barnes (9): it is based on 
correcting the theoretical maximum performance of 


a lamp for losses incurred in the phosphor during 


processing and for lamp losses, e.g., at the ends. then 


relating the observed initial luminous efficienev to 


Table |. Quantum efficiencies by comparison method 


QFE 
I spr Mewo 1.0 Mewo a 
Warm white halophosphate 0.96 0.87 
Daylight halophosphate 0.99 0.89 
Cadmium borate 0.73 0.66 


Zinc silicate 1.02 0.92 


— | 
B 
t 
ubsery refers ft 
pEada 
. — 
VEAds 
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this, the ratio giving the quantum efficiency of the 
phosphor. The method gave efficiencies of 0.53 and 
0.70 for zing beryllium silicate and 


t respectively. Later. 


magnesium 
tungstate, more exhaustive cor- 
rections were applied (11). resulting in new values 
of 0.9 in both cases. This was partially attributed to 


improved manufacturing techniques. The correc- 
is considered included coating absorption, end 


utilization of 2537A radiation. bulb absorp- 


tion, and the approximate brightness loss on mill- 
ng. of these, the latter is greatest and varies from 
lamp to lamp according to the method of lam; 
manufacture used. The method has been applied to 
halophosphates and blended phosphors, using a 
single factor of 75° for the corrections above 


nev then became 


KjEyda 


907 
where K -51 and includes the above corrections, 
and C 9 Ipw which is the contribution to the out- 


put by the visible mercurv lines Quite good agree- 


nent with values from the tungstat. comparisor 
method were obtained, although this phosphx Nas 
found to be 54 efficient wht ch was thi ignt t& 
be due t higher los nN iamMmpmaking than in the 
Case Of Naloy hospt ates 

This method has been used bv the author and 
‘ parison with the publishe d data is interestir ra 
(see Table II) It will be seen that there is good 
igres ent f davlight hal phosphate, and that fo 
Wart white ha pl sphate the value obta nea ap- 
aches more nea the figure f the comparisor 

ethod. The use of factor K for phosphors oth 
than halophosphate mav cause sor et since the 
ections are computed fe alopnost hates The 
Value Otained fi magnesium tungstate Ss highne 
than the prev is figure whict s due pert ips, to 
the measurement of the quantum output over the 
whole of the emission spectrum ncluding, in this 
case, the ultraviolet Results obtained | this 
method fo ne silicate are iKeivV to be somewha 


when results are compared with those obtained by 
the compar 
efficiency of the lamp manufacturing process is made 


available: if the 


son method, a direct measure of the 


values are close, improvements 


but if the effi- 


should be sought in the phosphor, 


clency by the comparison method is greater. then 


improvements should be possible in the lamp mak- 


Table Il. Quantum efticiency of phosphors trom lamp efficiencies 


QE (G.E.C.) 
QE (Jerome) 92 86 84 
QE (Com- 
parison) 90 94 100 
QE (Bodo) 84 58 71 
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ing process. For accurate measurements. the method 
suffers from the disadvantage that some of the cor- 
rections accumulated into the factor K apply to a 
particular phosphor made into one batch of lamps: 
extension to include other phosphors, 


the same general class. e g 


even within 
, the halophosphates, may 
lead to inaccuracies 
Calorimetric method.—The measurement of the 
light absorbed by a layer of phosphor may be made 
(14) by measuring the temperature change of the 
layer on irradiation By repeating the experiment 
with a similar layer of carbon black. a measure of 
the total light falling on the phosphor is obtained. 
combined with measurements, 
makes possible the calculation of the quantum effi- 
ciency of a phosphor. Since the exciting and emitted 
radiation are both determined in te! ms of heat en- 
ergy, the quantum output obtained includes radia- 
mitted in the near visible regions of the spec- 
rum, and the quantum efficiency deduced conforms 


to th 


reflection 


le definition in absolute terms given in the in- 


troductory paragraphs above 
The apparatus used by Bodo consisted of two 
copper disks, coated with phosphor and carbon 


black, respectively, supported on a tray which was 
lermally isolated from a massive base. In an in- 
sulated enclosure, the te mperature of the tray being 
measured with respect to the basse by a series of 40 
thermocouples. Radiation from germicidal lamps 
was admitted through a water filter with a quartz 
window 

A modified version of the microcalorimeter is 


shown in Fig. 1. A copper disk. D. is coated 
with phosphor on one side and blackened on the 


ler, rests ON a copper tray, T, which is supported 
a cylindrical copper box, B. internally blackened, 

1 evacuable enclosure, E, by insulators A and G 
Cooled water is circulated over the quartz disk, Q, 
© remove heat radiated by the source. The differ- 


ence in temperature between the tray and the box 


is Measured by the current flowin in three ger- 


nanium-copper thermocouples, C 


, connected in par- 


rimeter 


(EA/2537-da 

| 

he 
Ps 

due to the difficulties in obtaining ac- 
rurate initial luminous efficiencies with this phos- 
souact 
The method is attractive to the lamp-maks nee 

| 
ie 

— | 

| 
hy 

Magne } 

stun Cad 

Wa Blue ha tung- mium Zin i 
D ght whit phosphate state borate silicate 

| 

a 

rig Modified version of microco|O 


copper w 


diation are difficult to make 


monochromatic 


oute! 
water sur 
and the 


couple Is 
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!, which passes out of the enclosure through fine 
ires 
2537A ra- 


since, ideally, a compact 


Measurements on phosphors excited bv 


source of high power is required for 
g onto the phosphor-coated disk. In the prac- 
e, very high sensitivity is required to meas- 
temperature rise obtained when an efficient 


Ss irradiated by a practical. 
experiments on long wave excited phos- 
a 125W H.P.M.V Woods 
suspended in a reflector very close to the 
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ELECTRIC INSULATION 


Monday, April 28, 1958 
Ceramics 
with L. J. Frisco presiding 
HARTFORD ROOM 
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Electric Insulation (cont'd) 


Monday, April 28, 1958 
Ceramics 
with Hans Thurnauer presiding 
HARTFORD ROOM) 

2:00 P.M.—‘“Boron Nitride, a Ma- 
chinable High Temperature Insu 
lation Material” by J. J. McGahan 

Abstract No. 5) 
2:30 Effect of the Crystal 
line and Glassy Phases on the Di 
electric Properties of Ceramic High 

Insulation” by B. R 
Eichbaum (Abstract No. 6) 

3:00 P.M.—"Some Current Problems 
in the Production of Magnetic Ce- 
ramics” by George Economos 

(Abstract No. 7) 

3:30 P.M.—"D.T.A. Characteristics of 

Barium Titanate” by K. G. Skinner 
(Abstract No. 8) 

5:00 P.M.—Richards Memorial Lec- 
ture—"Electrolysis of Nonaqueous 
Solutions” by A. Brenner (Penr 


Top) 


Freque ney 


NEW YORK PROGRAM 


Electric Insulation (cont'd) 


Tuesday, April 29, 1958 
Plastic Insulation 
with A. J. Sherburne presiding 
HARTFORD ROOM 
9:00 A.M. Flammability Testing 
Plastics” by L. V. Larsen 
Abstract No. 9 
9:30 A.M.— ‘Damage to Plastic Insu- 
lation Caused by Heavy Forming 
Die Pressures” by F. H. Wells and 
J. H. Whitley Abstract No. 10 
10:00 A.M.—"“Flashover Strengt! 
Plastic Insulation by L 
and J. J. Chapman 
Abstract No. 11 
10:30 A.M.—‘Results of Reinf 
and Laminated Plastics Survey” by 
L. R. Samelson Abstract No. 12 
11:00 A.M.—"“LEXAN Polvycarbor 
Resin by G. C. Calderwood 
Abstrac 
12: 15 P.M.—Th e Electroct 
ciety Lun 
ing ir the Pe nn 


ik ifn 
a 


lorced 


Electric Insulation (cont'd) 


Tuesday, April 29, 1958 
Plastic Insulation 
with A. J. Sherburne presiding 
HARTFORD ROOM 
2:00 P.M.—Round-table discussion of 
the Develo ypme 
Pre s Associated \ 


iation 


Electric Insulation (cont'd) 


Wednesday, April 30, 1958 
Chemical Aspects of Printed Wiring 
with E. J. Lorenz presiding 
HARTFORD 00m) 


10:45 A.M— Or 
Printed Wir! 


11:30 A.M.—*Et 
Alnutt 


2:00 M.- “Some 


Electric Insulation (cont'd) 
Wednesday, April 30, 1958 


Chemical Aspects of Printed Wiring 
with E. J. Lorenz presiding 
HARTFORD ROOM) 


2:00 P.M.—"‘Plating Con siderations 
for Printed Wiring by W. H 
Hannahs Abstract No. 18) 

2:40 P.M.—*‘Improved High Tempera- 
ture Resistance of Copper Clad 
Teflon-Fiberglas Laminate” by A 
H. Haroldson (Abstract No. 19) 

3:30 P.M. Rour - table discussion on 
Printed Wi 


ELECTRONICS— 
LUMINESCENCE 
Tuesday, April 29, 1958 
with H. C. Froelich presiding 
WASHINGTON ROOM) 

9: ~ A.M.—Keynote Address—“Us« 


f Polarized Light in the Study of 
Systems” by C. C 

(Abstract No. 20) 

of Impurities on 

it 1€ss of a 3000 K 

1 Halo :ph osph ate Phosphor” 

by achtel Abstract Nx 21) 
10:10 AM.—*"The Svstem ZnO.CdO.- 
3.0,, Phase Relatior and Flu- 
orescence’ by D E ates rison and 
F. A. Hu Abstract No. 22 
10:35 A. — Ph ase Equilibria in the 
Svsten by F L. Katnack 
and F. A. Hu 


Zinc Oxide -Silic a’ 


12:15 P.M.—The Electr 
ciety Luncheon and Business Meet- 
ing in the Penn Top North (18th 


floor 


Electronics—Luminescence (cont'd) 


Tuesday, April 29, 1958 
with C. W. Jerome presiding 
(WASHINGTON ROOM) 
Observations o 

Nitride” by C. Buhr 

} Abstract t No. : 
Applicat ions of Lumin 

cence in Glass” 
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J. H. Schulman, and G. W. Arnold 
Abstract No. 26) 
2:50 P.M.—"Oxy gen As A Factor in 
Electroluminescence Maintenance 

by W. A. Thornton 
(Abstract No. 27) 
3:15 P.M.—"Electrolun Inescence ot 
ZnS Single Crystals” by D. R 
Frankl Abstract No. 28) 
3:40 P.M.—‘“Image Forming Devices 
Using Sintered Photoconductors’ 
by K. H. Butler (Abstract No. 29) 
4:05 P.M.—''Particle Size Effects and 
the Distribution of Barriers in Elec 
troluminescent Zinc Sulfide Phos 
phors” by Paul Goldberg 
Abstract No. 30) 
4:30 P.M.— The Influence of Act 
vator and Coactivator Concentra 
tions on the Photoconductivity of 
Cadmium Sulfide Powders bs 
B. E. Bartels and M. S. Wasserman 
Abstract No. 31) 
5:00 P.M.—Electronics Division Bus! 
ness Meeting in the Washington 
Room (Mezzanine 


Electronics—Luminescence (cont'd) 


Wednesday, April 30, 1958 
with H. F. Ivey presiding 
WASHINGTON ROOM) 

9:00 A.M.—"“Luminescent Properties 
of ZnS Phosphors with Ga and In 
Coactivators” by E. F. Apple 

Abstract No. 32 

9:30 A.M.—"ZnS:Cu Phosphor 
duced by Radioactive Decay 
Neutron-Irradiated ZnS" by 
Kastner, R. M. Potter, and M. Aven 

Abstract No. 33) 

10:05 A.M.—"Self-Activated Lum 
nescent Center in ZnS Phosphors’ 
by J. S. Prener and D. J. Weil 

(Abstract No. 34 

10:30 A.M.—"Energy Levels of Acti 
vators in Zin Sulfide Phosphors 
by C. F. Wahlig (Abstract No. 35 

10:55 A.M.—"Optical Anisotropy and 
Birefringence Zanding in ZnS 
Crystals” by L. W. Strock, V. A 
Brophy, and T. E. Peters 

(Abstract No. 36) 

11: 30 A. M.—"The Lead Oxide-Lead 
Sulfate and Lead Oxide-Lead S« 
ae Systems” by R. O. Jones 
and S. Rothschild 

(Abstract No. 37 


Electronics—Luminescence (cont'd) 


Wednesday, April 30, 1958 
with Luke Thorington presiding 
WASHINGTON ROOM) 

2:00 P.M.— "Infrared Stimulation and 
Quenching ol Photoconduction in 
Single-Crystal ZnS:Cu” by F. G 
Uliman and J. J. Dropkin 

Abstract No. 38) 

725 P.M.—"Sintered CdS Photo 
conductors” by M. J. B. Thomas 

(Abstract No. 39) 

3:00-4:30 P.M.—Round-table discus 


sion 


ELECTRONICS— 
SEMICONDUCTORS 


Monday, April 28, 1958 
Semiconductor Materials Research 
with N. B. Hannay presiding 
(PENN TOP) 

9:30 A.M.—Keynote Address—"Pres- 
ent State of Semiconductor Mate 

rials Research” by-D. K. Hartman 
(Abstract No. 40) 

10:20 A.M.—‘Solid Solubilities and 

Electrical Properties of Aluminum 


2:50 P.M.—‘Recent Studies 


OF THE ELECTROCHEMICAL 


and Gallium in Germanium” by 
F A Trumbore and E M Porban 
sky Abstr: id No. 41) 
10:35 A.M.—‘“Solid Solubil of Tin 
in Silicon” by F. A = al Cc 
R. Isenberg, and E. M. Porbansky 
(Abstract No. 42) 
10:50 A.M.—"A Sensitive Method of 
Measuring Optical Scattering in 
Silicon” by G. H. Schwuttke, O. A 
Weinreich, and P. H. Keck 
Abstract No. 43 
11:15 A.M.—"On the Crystal Chemis 
try of Semiconductors by E 
Mooset and W.B Pe arson 
Abstract No 
11:30 A.M.—'The Electron e Stri 
ture of Compounds 
tween Group VB to 
ments” by E. Mooser 
Pearson 
11:45 
Short Abstracts of these papers will 
be available at the meeting 


Electronics—Semiconductors (cont'd) 


Monday, April 28, 1958 


Semiconductor Materials Research 
(cont'd) 


(Compound Semiconductors) 
with H. P. R. Frederikse presiding 


PENN TOP) 


2:00 P.M.—Kevnote Address Semi 


conducting Cor n pounds A Chal 
lenge in Applied and Basic Ré 
search” by A. C. Beet 

Abstract No. 46 
f the 
Properties of PbS, PbSe, and PbT: 
by W. W. Scanlor 

Abstract No. 47 

10 P.M.—‘Interdi ffusi on by the Va 
cancy Mect anism Bins Ionic 
by RF Br ebrick 
Abstract No. 48 
25 P.M.—*'Pri ucts on of 1/f Noise 
by Radiat ad Sulfide Cells” 
by R. L. Wi s 


Semiconductors 


Abstrac N 

P.M.—’Preparation of 

f Hexagonal SiC” by D R ‘on 
ton Abstract No 
05 P.M.—‘High Pressure 
Temperature Growth of Cadmiun 
Sulfide Crystals” by W. E. Medcalf 
and R. H. Fahrig (Abstract No. 51 
P.M.—Recent News Papers 
Short abstracts of these papers will 
be available at the meeting 


5:00 P.M.—Rich al ds morial 


ture Electrolysis of Nonaqueous 
Solutions” by A. Brenner in the 
Pe nn Top (18th floor } 


Electronics—Semiconductors(cont'd) 


Tuesday, April 29, 1958 
Transport Phenomena 
with H. F. Matare presiding 
(PENN TOP) 

9:00 A.M.—Keynote Address Car- 
rier Transport Phenomena in Semi- 
conductor Crystals” by E. M. Con 
well Abstract No. 52) 

9:50 A.M.—‘Electron Mobility in In- 
dium Phosphide” by M. Glicksman 
and K. Weise! (Abstract No. 53) 

10:05 A.M.—"“Recombination of Car- 
riers in InSb” by R.N. Zitter, A. J 
Strauss, and A. E. Attard 

(Abstract No. 54) 

10:20 A.M.—"‘Avalanche Breakdown 
and Collector-Voltage-Saturation 
of Diffused Intrinsic Power Tran- 
sistors” by C. Huang 

(Abstract No. 55) 


SOCIETY 


March 1958 


10:45 A. M.— “Effex ts of Radiation « 
Germanium and Silicon” by G 
Messenger J. P. Spratt 

Abstract No. 56) 

11:00 A.M.—"“Two New Transistor 
Switching Types” by C. S. Me 
Carthy, J: Abstract No. 57) 

11:15 A.M.—Recent News Papers 
Short abstracts of these papers will 
be available at the 


12:15 
ciety Luncheon an 
ing in the Pen: 


floor 


Electronics—Semiconductors (cont'd) 


Tuesday, April 29, 1958 
Diffusion 
with I. A. Lesk presiding 
PENN TOP 
2:00 P.M.—Keynote 
tors Influencing 
esses” by F. Smits 


2:50 P.M.—*Diffusi 
by At 
1 Waring 


3:05 P.M.—Diffusi 
con by Carrier 


by C. J. Frosch ar 


:20 P.M.—Diffusi 


P.M.—Recent 

rt abstracts of 
be available 
5:00 P.M.—Elect 
ness Meeting 

Room Me ZZanine 


Electronics—Semiconductors (cont'd) 


Wednesday, April 30, 1958 
Physics and Chemistry of 
Semiconductor Surfaces 
with J. W. Faust presiding 
PENN TOP) 


9:00 A.LM.—Keynote Address Semi 
conductor Surface Phenomena” by 
A. Many Abstract No. 64 

9:50 A.M.— Effects of Certain C 
cal Treatments and Am} 
mospheres on Surface 
of Silicon 

McKim Abstr: 

10:05 A.M.—"Effect of Various Etches 
on Recombination Centers at Ger 
manium Surfaces” by G. Wallis 
and Shyh Wang (Abstract No. 66 

10:20 A.M.—‘Saturation Current in 
Germanium and Silicon Elec 
trodes” by J. B. Flynn 

(Abstract No. 67) 

10:45 AM.—‘Theory of Electron 
Transfer Reactions at Semicon 
ductor Electrodes” by J F. Dewald 

(Abstract No. 68) 

11:00 A.M.—*“Experiments on Elec- 
tron Transfer Reactions at the ZnO 
Electrode” by J. F. Dewald 

(Abstract No. 69) 

11:15 A.M.—"“Chemical Etching of 
Silicon, I. The System HF, HNO,, 
H.O” by B. Schwartz and H. Rob- 
bins (Abstract No. 70) 


trochemical So- 
i Business Meet 
‘op North (18th 
4 
Prox 
\bstract No. 5% 
Concentratior 
Computation 
sas Con positior 
| Abstract No. 60 
Antimony in Silicon” by J. J 
Rohar J K Kenne 1\ ina N E 
; Pickering Abstract No. 61 
3:45 P.M.—‘Diffusion into Silicor 
’ from Glassy Layers” by J. E. Cline 
» and R G Seed 
At stract No 62 
t 4:00 P.M.—"Effects of Heat Treat 
r 3 ment on Diffused Silicon Material’ 
: : by A. L. MacDonald and W. J 
Heineck« Abstract No. 63 
News Papers 
; 3 these papers will 
meeting 
Div ision Bus! 
the Washington 
1 


Vol. 105, No. 3 


11:30 A.M.—Recent News Papers 
Short abstracts of these papers will 
be available at the meeting 


Electronics—Semiconductors (cont'd) 


Wednesday, April 30, 1958 


Process Technology 
with H. Pollack presiding 
PENN TOP 
ynote Address ‘Sta 
nductor Process Tech 


2:50 P.M.—"“On th 
Germanium ar 
Schr 


3:05 


tal Orientat 


rie 

t less Nickel C 

bs E “Matovich 

J. E. McNamara (: 
3:45 P.M.— The 

stituted Hydrol 


Silicor Devices 


4:00 Ph 


Nall and J. V 

Lath Abstract No. 76 
4:15 P.M.—Recent News Papers 
Short abstracts of these papers will 
bye lal t th 


avaliable a le meeting 


Electronics—Semiconductors and 
Electrothermics and Metallurgy 
Joint Symposium 


Thursday, May 1, 1958 
Preparation, Evaluation, and Uses of 
High Purity Metals 

Zone Refining Methods : 
with Morris Steinberg presiding 
rENN TOP 
9:00 A.M.-12:00 M.—See Electro- 

thermics and Metallurgy Progran 


Thursday, May l 


Preparation, Evaluation, and Uses of 
High Purity Metals (cont'd) 


lodide Processes pm 
with John M. Blocher, Jr., presiding 


PENN TOP 
2:00 P.M.-5:30 Electro- 
thermics and Metallurgy Program 
for Thursday May 


ELECTROTHERMICS AND 


METALLURGY 


Monday, April 28, 1958 
Preparation, Evaluation, and Uses of 
High Purity Metals 
Criteria of Purity 
with Donald Wilkins presiding 
SKYTOP) 

9:30 A.M.—Review Paper—*Review 
of Various Analytical Methods for 
Determination of Trace Impurities’ 
by L. Pepkowitz 

(Abstract No. 77) 

10:00 A.M.—"“Spectrochemical Meth- 
ods for Analyzing High Purity 
Hafnium” by T. A. Sullivan, R. W 
Lewis, and J. L. Potter 

(Abstract No. 78) 

10:30 A.M.—‘“X-Ray Fluorescent 
Analysis of Tin in Titanium in the 
Range of 0.03-0.50% Tin” by T. A. 
Sullivan, R. W. Lewis, and L. Car- 
penter (Abstract No. 79) 


2:00 P.M.— Mechanism of 


NEW YORK PROGRAM 


11:00 A.M.—"Determination of Hy- 
drogen in Titanium and Its Alloys 
A Critical Review” by T. D. Mc- 
Kinley (Abstract No. 80) 
11:30 A.M.—*Some Applications and 
Methods for Low Level Analysis 
of Specific Impurities in Metals” 
by R. A. Wallace, Thomas Polanyi, 
and John Roboz (Abstract No. 81) 


Electrothermics and Metallurg y— 
Corrosion 


Monday, April 28, 1958 


Stress Corrosion Cracking of 
Stainless Steels 
with William Tragert presiding 
(SKYTOP) 


1:30 P.M.— Stress Corrosion Crack- 
ing of Austenitic Stainless Steel” 
by 4.2 Harwood 

Abstract No. 82) 

Stress 

304 Stainless 

Logan 
(Abstract No. 83) 

2:30 P.M.—*Stress Corrosion Crack- 
ing of Some Hon logeneous Alloys 
Containing Nickel” by H. R. Copson 

Abstract No. 84) 
3:00 P.M.— Stress Corrosion of Aus- 
nle ss Steel in High Tem- 
rature Ww ater’ by M. G. Fontana 
Abstract No. 85) 
7330 P.M.—‘“Caustic Stress Corrosion 
of Type 347 Stainless Steel” by G 
C. Wheeler and E. Howells 
{ Abstract No 86) 
00 P. M. —Cracking of Martensitic 
Stainless Steel under Conditions of 
Stress and Corrosion” by F. Brown 
Abstract No 87) 
700 P.M.—Richards Memorial Lec 
ture—“Elec sis of Nonaqueous 
Solutions” by A. Brenner in the 
Penn Top (18th Floor) 


Corrosion of 
Steel” by H. L 


Electrothermics and Metallurgy 
(cont'd) 


Tuesday, April 29, 1958 


Preparation, Evaluation, and Uses of 
High Purity Metals (cont'd) 
Electrorefining and Electrowinning 
with H. H. Kellogg presiding 


SKYTOP) 


9:00 A.M.—Revi lew Pa aper “Revi ew 
and Meth ods for ‘\oeeier of 
High Purity Metals” by A. Brenner 

Abstract No. 88 

9:30 A.M.—Review Paper—*Fused 

Salt Electro winning and Electro- 
by M. E. Sibert 
(Abstract No. 89) 

10:00 A.M.—‘Fused Salt Electro- 
refining of Hafnium Metal” by D 
H. Baker, Jr., J. R. Nettle, and J. 
Heigel (Abstract No. 90) 

10:30 A.M.—*Elemental High Purity 
Boron Preparation with Emphasis 
on Fused Salt Electrolytic Meth- 
ods” by E. W. Fajans 

(Abstract No. 91) 

11:00 A.M.—‘“Fused Salt Electro- 
refining of Columbium Metal” by 
E. Hirakis and M. E. Sibert 

(Abstract No. 92) 

11:30 A.M.—“Electrorefining of Tita- 

nium” by B. C. Raynes 
(Abstract No. 93) 

12:15 P.M.—The Electrochemical So- 
ciety Luncheon and Business Meet- 
ing in the Penn Top North (18th 
floor) 


41C 


Electrothermics and Metallurgy 
(cont'd) 


Tuesday, April 29, 1958 
Preparation, Evaluation, and Uses of 
High Purity Metals (cont'd) 
Chemical Purification Methods 
with Morris Kolodney presiding 
(SKYTOP) 

00 P.M.—Review Paper—“The Hy- 
drogen Reduction Method for the 
Preparation of High Purity Tung- 
sten and Rhenium” by C. Toensing 

(Abstract No. 94) 

2:30 P.M.—*Aqueous Methods for the 
Preparation of High Purity Metals 

by G. B. Wood (Abstract No. 95) 

3:00 P.M.—*“Pr« paration of Pure 

Chromium by a Vacuum Distilla- 
tion Technique” by W. H. Smith 
and R. L. Hadley (Abstract No. 96) 

:30 P.M.—* Metallurgy of Uranium 
Refining” by B. Blumenthal 

Abstract No. 97) 

00 P.M.—*Phase Equilibrium Study 
of the System Na-;WO,-Na.CO.- 
H.O” by R. L Pilloton and G. E 
Crawley, Jr (Abstract No. 98) 
:30 P.M.—“Methods for Pre paring 
Pure Scandium Oxide” by F. H. 
Spedding, J. E. Powell, A. H. 
Daane, M. A. Hiller, and W. H 
Adams (Abstract No. 99) 


Electrothermics and Metallurgy 
(cont'd) 


Wednesday, April 30, 1958 


High Temperature Property 
Measurements 
General Methods 
with G. M. Butler presiding 
(SKYTOP) 

9:00 A.M.—"On the Measurement of 
the Temperatures of Unenclosed 
Objects by Radiation Methods” by 
A. Emslie and H. Blau 

(Abstract No. 100) 

9:30 A.M.—“Thermal Conductivity 
Measurement in the Temperature 
Range 1000°-3000°F” by T. E 
Waterman and I. B. Fieldhouse 

Abstract No. 101) 

10:00 A.M.—‘“Micro Furnace for 
Thermal Microscopy and Studies 
at High Temperatures” by W. A 
Lambertson and G. Lewis 

(Abstract No. 102) 

10:30 A.M.—*“Water-Stabilized Arc 
Tests on Nonmetallic Materials” 
by M. Dank, R. A. Nelson, W. R 
Sheridan, and W. H. Sutton 

(Abstract No. 103) 

12:30 P.M.—Electrothermics and Met- 
allurgy Luncheon and Business 
Meeting in the Buffalo Room (Mez- 
zanine) 


Electrothermics and Metallurgy 
(cont'd) 


Wednesday, April 30, 1958 


High Temperature Property 
Measurements (cont'd) 
Metallic Materials 
with Robert Carlson presiding 
SKYTOP) 

2:00 P.M.—*Rigidity Relaxation in 
Recrystallized Tungsten Wires at 
Elevated Tem per ratures” by I 
Berlec Abstract No. 104) 

2:30 P.M.—“Strength of Titanium at 
1300°-1600°C” by E. Scala 

(Abstract No. 105) 

3:00 P.M.—"‘The Activities of Refrac- 
tory Metal Systems” by Rudolph 
Speiser and George St. Pierre 

(Abstract No. 106) 


nology” by F. Biond ee 
Abstract No. 71) 
e Jet Etching of . 
Silicon” by P. F - 
‘A. Keiper 
Abstract No. 72) a 
termination of Crys- 
ion by High Intensity 
Reflectograms” by G. H. Schwuttke j 
Abstract No. 73) ; 
perties of Elec- 
ts to Silicon’ a 
J. Heinle, and 

bstract No. 74 

f Organo-Sub 
ble Silanes on 
by B. Schwartz 
Abstract No. 75 7 

Se I juc- 
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3:30 P.M.—*Vapor Pressure of Co- 
lumbium™” by Rudolph Speiser, 
Paul Blackburn, and _ Herrick 
Johnston (Abstract No. 107) 


Electrothermics and Metallurgy and 
Electronics-Semiconductors 
Joint Symposium 


Thursday, May 1, 1958 


Preparation, Evaluation, and Uses of 
High Purity Metals (cont'd) 
Zone Refining Methods 
with Morris Steinberg presiding 
(PENN TOP) 

9:00 A.M.—Review Paper—‘Contri- 
butions of Zone Melting to High 
Purity Materials” by F. H. Horn 

(Abstract No. 108) 

10:00 A.M.—"Application of the 
Floating Zone Technique to Metals” 
by R. L. Smith, J. L. Rutherford, 
and M. Herman (Abstract No. 109) 

10:30 A.MM.—**Tungsten Zone Melting 
by Electron Bombardment” by R 
G. Carlson (Abstract No. 110) 

11:00 A.M.—**Techniques and Results 
of Zone Refining Some Metals and 
Semiconducting Compounds” by J 
H. Wernick, K. E. Benson, D. Dorsi, 
and J. J. Gillich 

(Abstract No. 111) 

11:30 A.M.—‘“Continuous Multistage 
Zone Melting of Silicon Tetra- 
iodide” by G. H. Moates and B 
Rubin (Abstract No. 112) 


Electrothermics and Metallurgy and 
Electronics-Semiconductors 
Joint Symposium 


Thursday, May 1, 1958 


Preparation, Evaluation, and Uses of 
High Purity Metals (cont'd) 
lodide Processes 
with John M. Blocher, Jr., presiding 
(PENN TOP) 


2:00 P.M.—*Principles and Applica- 
tion of the Iodide Process” by A. C 
Loonam (Abstract No. 113) 

2:25 P.M.—‘The Iodide Process for 
High Purity Silicon Preparation” 
by F. B. Litton (Abstract No. 114) 

2:50 P.M.—'*Some Aspects of the De- 
composition of Silicon Tetraiodide”’ 
by A. F. Armington and B. Rubin 

(Abstract No. 115) 

3:15 P.M.—‘Zirconium Coating of 
Uranium by the Iodide Process” 
by W. L. Robb (Abstract No. 116) 

3:40 P.M.—"‘High Purity Silicon from 
Silicon Tetraiodide Purified by 
Solvent Recrystallization and Dis- 
tillation” by L. V. McCarty 

(Abstract No. 117) 

4:05 P.M.—''Plating of Tungsten with 
Titanium and Zirconium by the 
Van Arkel-de Boer Process” by H 
T. Stephenson (Abstract No. 118) 

4:30 P.M.—‘High Purity Crystalline 
Boron” by D. R. Stern and Lahmer 


Lynds (Abstract No. 119) 
INDUSTRIAL 
ELECTROLYTIC 


Monday, April 28, 1958 


Fused Salt Electrolysis 
with M. Janes presiding 
(WASHINGTON ROOM) 


10:00 A.M.—‘Electrodeposition of 
Adherent Titanium Coatings on In- 
duction Heated Cathodes in Fused 
Salts” by J. G. Wurm, B. J. Fortin, 
L. Gravel, and R. J. A. Potvin 

(Abstract No. 120) 
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10:30 A.M.—*‘Refining of Titanium 
Scrap by Fluoride Electrolysis” by 
S. S. Carlton and B. C. Raynes 

(Abstract No. 121) 

12:15 P.M.—Industrial Electrolytic 
Division Luncheon and Business 
Meeting in the Penn Top North 
18th floor) 


Industrial Electrolytic (cont'd) 
Monday, April 28, 1958 
General Industrial Electrolytic 
with J. C. Cole presiding 
(WASHINGTON ROOM) 

2:00 P.M.—‘Report of the Chlor- 
Alkali Committee” by J. C. Cole 
and R. B. MacMullin 

(Abstract No. 122) 

2:30 P.M.—"“Effect of Gas Evolution 
on Current Distribution and Cell 
Resistance” by C. W. Tobias 

(Abstract No. 123) 

3:00 P.M.—‘Investigations on the 
Structure of the Color Compound 
in Caustic” by S. Wawzonek and 
D. S. P. Eftax (Abstract No. 124) 

5:00 P.M.—Richards Memorial Lec- 
ture—"“Electrolysis of Nonaqueous 
Fluids” by A. Brenner in the Penn 
Top (18th floor) 


THEORETICAL 
ELECTROCHEMISTRY 


Monday, April 28, 1958 
Electrokinetic and Membrane 
henomena 
with Paul Delahay presiding 


‘GOLD BALLROOM) 
9:30 A.M.—*Relative Rates of Elec- 


tromigration of Different Ions of 
the Same Charge across Perm- 


selective Membranes” by Rex 
Neihof, Ruth McClintock, and Karl 
Sollner (Abstract No 
10:00 A.M.—‘Improved Protarmine 
Collodion Membranes of Extreme 
Ionic Selectivity” by Marc Lewis 
and Karl Sollner 
(Abstract No. 126) 
10:50 A.M.—*‘*Transport Processes in 
Ionic Membranes” by K. S. Spiegler 
Abstract No. 127) 
11:20 A.M.—*‘Transport in Ion-Selec- 
tive Membranes” by M. A. Peter- 
son and H. P. Gregor 
(Abstract No. 128) 


125) 


Theoretical Electrochemistry 
(cont'd) 


Monday, April 28, 1958 
Electrokinetic and Membrane 
Phenomena (cont'd) 
with R. Hurd presiding 
(GOLD BALLROOM) 


2:00 P.M.—‘Transport against the 
Chemical or Electrochemical Gra- 
dient in Charged Porous Mem- 
branes” by Richard Schlog]l 

(Abstract No. 129) 

2:50 P.M.— ‘Membrane Potentials in 
Isothermal and  Nonisothermal 
Systems; A Detailed Investigation 
of a Single Membrane System” by 
G. J. Hills and P. W. M. Jacobs 

(Abstract No. 130) 

3:40 P. M.—“Electro-Osmosis and 
Electro-Convection in lonic Mem- 
branes; Relation between Electro- 


Osmotic Transport, Ionic Conduc- 
tion, Ionic Self-Diffusion, and the 
Degree of Counter-Ion Solvation” 
by G. J. Hills and P. W. M. Jacobs 

(Abstract No. 131) 
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4:20 P. M.—“Phenomenological Elec- 
trochemistry of Membranes” by 
George Scatchard 

(Abstract No. 132) 

5:00 P.M.—Richards Memorial Lec- 
ture ‘Electrolysis of Nonaqueous 
Solutions” by A. Brenner in the 
Penn Top (18th floor) 


Theoretical Electrochemistry 
(cont'd) 


Tuesday, April 29, 1958 
Electrokinetic and Membrane 
Phenomena (cont'd) 
with Ralph Roberts presiding 
GOLD BALLROOM) 

9:00 A.M.—"Streaming Potentials of 
Corundum in Organic Electrolyte 
Solutions” by H. J. Modi and D. W 
Fuerstenau Abstract No. 133) 

9:30 A.M.—‘Interpretations of Ex- 
perimental Donnan Equilibria Ob- 
tained with Polyphosphates” by 
U. P. Strauss Abstract No. 134) 

10:00 A.M.—‘Direct Determination 
of Adsorption of Organic Mole- 
cules at Solid Electrodes” by B. E 
Conway and R. G. Barradas 

(Abstract No. 135) 

10:40 A.M.—"Electrokinetic Measure 
ments on Stainless Steel C - 
laries” by B. Levy and A. R 
Fritsch (Abstract No. 136 

11:10 A.M.—**Surface Conductance of 
Clays” by H. van Olphen 

Abstract No. 137 

12:15 P.M.—The Electrochemical So 
ciety Luncheon and Business Meet- 
ing in the Penn Top North (18th 


floor ) 


Theoretical Electrochemistry 
(cont'd) 
Tuesday, April 29, 1958 
Electrokinetic and Membrane 
Phenomena (cont'd) 
with Ralph Roberts presiding 
GOLD BALLROOM) 
2:00 P.M.—* Membrane 


Phenomena 


in Applied Geophysics” by } 
Gondouin Abstract No. 138) 
2:30 P.M.—‘Influence of Firing Con 


ditions, Composition, and Screen- 
ing Media on the Zeta Potentials 
of ZnS Phosphors as Related to 
Adherence to Glass Surfaces” by 
B Levy (Abstract No 139) 
3:00 P.M.—"‘The Electrokinetic Po 
tential and Some Surface Tension 

Phenomena” by L. B. Robinson 
(Abstract No. 140) 


General Session 
with Paul Delahay presiding 
3:45 P.M.—"“Overvoltage and Cataly- 
sis” by Paul Ruetschi 
(Abstract No. 141) 
4:15 P.M.—‘“Cathodic and Anodic 
Properties of Chlorine on Carbon 


and Graphite Surfaces” by John 
Aylward, Ernest Yeager, and 
Frank Hovorka (Abstract No. 142) 


Theoretical Electrochemistry 
(cont'd) 


Wednesday, April 30, 1958 
General Session (cont'd) 
with A. J. de Bethune presiding 
WEST ROOM 
9:00 A.M.—‘Electrode Potentials of 
Titanium-Oxygen Alloys” by R. 5 
W. 
143) 


Dean, I. 
Gullett 


Hornstein, and 
(Abstract No 


Vol. 105, No. 3 


9:30 A.M.— Mechanisms of Hydrogen 
Producing Reactions on Palladium, 
V. The Deuterium-Palladium Sys- 
‘ m by Sigmund Schuldiner and 
J. P. Hoare Abstract No. 144) 
10:00 A.M.—* Double Layer Structure 
and Electrode Processes, I. Salt 
Effect” by Manfred Breiter, Marcos 
Kleinerman, and Paul Delahay 
Abstract No. 145) 
10:40 A.M.—*Double Layer Structure 
and Electrode Processes, II. Dis- 
charge of Certain Metallic Com- 
plexes” by Paul Delahay and Car] 
Wei Abstract No. 146) 
1:20 A.M.—Theoretical Electrochen 
istry Division Meeting in 
the Penn Top North (18th Soar) 


Theoretical Electrochemistry 
(cont'd) 
Wednesday, April 30, 1958 
General Session (cont'd) 
with C. W. Tobias presiding 
WEST ROOM 
2:00 P. M. — Schlieren Studies of Con- 
n Gradients at a Cu HC] 
Ar oat by R. S. oope! 
Abstract No. 147) 
2:30 P.M.—'The Nature of the Cur 
rent Flow at or between Cylindrical 
Electrodes” by R. D. Barnard and 
S. M. Skinner Abstract No. 148) 
3:00 OP. M.— Electromotive Force 
Measurements in Ceriur 1-Cerium 
Chloride Liquid Systems” by S 
Senderoff and G. W. Mellors 
Abstract No. 149 
3:50 P.M.—'Activities of NiCl from 
EMF Me asurements in Molten 
LiCl-KC!” by R. D. Walker, Jr., 
D. E. Danly 


ana 
Abstract No. 150) 

4:20 P.M.—'Electropolishing Silicon 
in Hvydrofluoric Acid Solutions” by 
D. R. Turner Abstract No. 151) 


Theoretical Electrochemistry 
(cont'd) 


Thursday, May 1, 1958 
General Session (cont'd) 
with S. Schuldiner presiding 
SKY TOP) 

9:00 AM—“Therm 
tlectror Atmospheres at 
faces” by S. M. Skinner 

Abstract No. 152) 
A.M.—*Codeposition of Nickel 
id Hydrogen from Sin mple Aque- 
ous Solutions’ by Joh n Yeager, J 
P. Cels, Ernest Yeage r, and Frank 
Hovorka Abstract No. 153) 
10:00 A.M.—‘“Effect of Addition 
Agents on Tungsten Codeposition” 
by J.S Sallo and R D Fisher 
; Abstract No. 154) 
10:00 A. M.—“Anodic Oxidation of 
Zine and a Method of Altering the 
Characteristics of the Anodic 
Films” by H. Fry and Marjorie 
Whitaker Abstract No. 155) 
11:20 A.M.—"Anodic Dissolution of 
Magnesium in Aqueous Solution” 
bv Richard Glicksman 
; (Abstract No. 156) 


ABSTRACTS 


In the Index to Authors the Ab- 
tract Number is the number listed 
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Abstract No. 1 
Effect of Temperature and 
Thickness on the Electrical 
Resistivity 


of Ceramic Coatings 


NEW YORK PROGRAM 


W. H. Fischer, General Engrg. Lab., 
General Electric Co., 1 River 
Rd., Schenectady 5, N. Y. 

Tests show that the electrical re- 

sistivity of ceramic coatings less 
than 3 mils thick varies with thick- 
ness, although the variation of re- 
sistivity with temperature is normal 
It is believed that the resistivity- 
thickness variation is due to surface 
irregularities and metal-ceramic 
interface factors which together pro- 
duce nonuniform, nonhomogenous 
coatings. Consequently, electrical 
characteristics of ceramic coatings 
intended for electrical insulation us¢ 
should be evaluated only from 
measurements made on coatings 
closely approximating actual service 
thicknesses 


Abstract No. 2 


High Temperature Aluminum Oxide 
Insulation for Wire and Strips 


Henry Walker, Permaluster, Inc 
Burbank, Calif 

The Permaluster Process (electro- 

chemical anodic oxidation) creates 


a very thin film which on the pro- 
perties to protect against corrosion, 
is highly insulating, and provides 
great Neat resistance up to approxi 
mately 3650°F. The film is flexible 
and can be furnished in colors. It is 
aluminum oxide, created from the 
aluminum to which it is applied. It 
can be provided on other metals 
such as Cu, Ag, and Pt, provided 
they are Al clad 


Abstract No. 3 


Progress in High Frequency 
Ceramic Dielectric Insulation 
E. J. Smoke, School of Ceramics, 

Rutgers, The State University 
New Brunswick, N. J., and 
S. DiVita, U. S. Army 
Engineering Lab., Fort 

mouth, N. J. 

U. S. Army Signal Corps spon- 
sored research on high frequency 
ceramic dielectric insulation at Rut- 
gers, The State University, has re- 
sulted in many interesting findings 
The pro ject is divided into several 
problems, namely, ultra low loss, 
thermal shock resistance, impact 
resistance, thermal conductivity, non- 
shrinking ceramics, etc. These are 
discussed in terms of the problem, 
the basic principles involved, and 
progress to date 


Signal 
Mon- 


Abstract No. 4 


Ultra Low Loss, High Frequency 
Dielectric Insulators 

E. J. Smoke, School of Ceramics, 
Rutgers, The State University 
New Brunswick, N. J., and 
S. DiVita, U. S. Army Signal 
Engineering Lab., Fort Mon- 
mouth, N. 

The best ultra low loss electrical 
properties at high frequencies are 
attained with pure oxide single 
crystals and pure single oxide 
glasses and polycrystalline ceramics. 
However, these have limited use 
because of fabricating difficulties, 
particularly in making larger speci- 
mens. When the size factor is im- 
portant and refractoriness is not, 
polycrystalline fluxed bodies, ma- 
turing at relatively low tempera- 
tures, become important. Wollaston- 
ite and quartz-type bodies fluxed 


43C 


with lead and alkaline earth com- 


peunds are discussed, including 
physical and electrical properties, 
and compared to single crystals. 


Abstract No. 5 


Boron Nitride, a Machinable High 
Temperature Insulation Material 
J. J. MeGahan, Carborundum Co., 
Niagara Falls, N. Y 
No abstract received) 
Abstract No. 6 


The Effect of the Crystalline and 
Glassy Phases on the Dielectric 
Properties of Ceramic High 
Frequency Insulation 
B. R. Eichbaum, Research Lab., In- 

ternational Business Machines 
Corp., Poughkeepsie, N. Y 
The method of tailor making ce- 
ramic insulation for specific purposes 
has not been used because the 
effect of both the glass and crystal- 
line phases on the fired body com- 
position was not known. This investi- 
gation of the effect of the glass and 
crystalline phases of ceramic insula- 
tion (operating at megacycle) 
should aid in developing bodies 
with specific requirements 
In this study the dielectric con- 
stant and power factor of the 
crystal phases of  wollastonite, 
quartz, and alumina and of a bond- 
ing glass were determined and cal- 
culations (using Niesel’s, Lichte- 
necker’s and Maxwell’s Law of Mix- 
tures) were used to determine the 
properties of such ceramic bodies. 
Special techinques were used to 
Getermine the properties of these 
naterials and to determine the 
volume per cent of each phase pre- 
sent in the fired bodies in order to 
check the theory with practical 
results 
The findings of this investigation 
were used to develop a very low loss 
quartz-type ceramic body 


Abstract No. 7 


Some Current Problems in the 
Production of Magnetic Ceramics 
George Economos, Lab. for Insula- 
tion Research, Massachusetts 
Institute of Technology, Cam- 
bridge, Mass 
Reproducibility of the electrical 
and magnetic properties is still the 
main difficulty in quantity produc- 
tion of magnetic ceramics. In addi- 
tion, the mechanical tolerances of 
the user must be met. These two 
major problems are discussed from 
a developmental viewpoint with 
suggestions for improving present 
methods Current efforts at stand- 
ardizing acceptable testing specifica- 
tions for the various applications are 
outlined also 


Abstract No. 8 


D.T. A. Characteristics of Barium 
Titanate 

K. G. Skinner, U. S. Naval Research 

Lab.., Washington, D.C 

Differential thermal 

(d. t. a.) were m 
titanate samples and of sized-frac- 
tions obtained from them. The 
samples included both commercially 
available and _ laboratory-prepared 
materials. The d. t. a. characteristics 
showed not only the differences 
between as-received samples but also 


analyses 
ade of barium 


‘ | - 

+ 
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between sized-fractions of the same 
sample. These differences included 
(a) completeness of chemical reac- 
tions between components, (b) pre- 
sence of undesired compounds, from 
a purity or a piezo-electric stand- 
point, such as Ba.TiO,, BaTi,O,, 
and BaTi,O., (c) phase change 
temperatures, such as the tetragonal- 
cubic transition of BaTiO,, and (d) 
approximate temperature at which 
coalescence (shrinkage) begins 
The observed differences in chemi- 
cal character have been related to 
ceramic fabrication behavior and to 
electrical properties of finished 
bodies 

Abstract No. 9 

Flammability Testing of Plastics 
L. V. Larsen, Laminated Products 

Div., General Electric Co., Cos- 
hocton, Ohio 

This paper discusses a severe test 
for flammability in which the speci- 
men is exposed to a high temperature 
source of heat with a spark present 
to ignite gaseous products of com- 
bustion. The results obtained in this 
test are in terms of the ignition time 
and the burning time. 

A number of the factors influenc- 
ing the precision and reproduci- 
bility of the test procedure are 
discussed. These include mass of 
specimen, temperature of source of 
heat, and rate of ventilation. 


Abstract No. 10 


Damage to Plastic Insulation Caused 
by Heavy Forming Die Pressures 
F. H. Wells and J. H. Whitley, AMP 

ncorporated, Harrisburg, Pa 
Plastic insulation used on crimp- 
type electric wire terminations must 
maintain high dielectric strength 
severe mechanical abuse 
suffered in the crimping operation 
tlementary mechanical properties 
| the plastics often fail to predict 
ir performance in this applica- 
A notable example is reported 
where peculiar stress-relaxa- 
effects were observed in poly- 
yl chloride-acetate. The dielectric 
of tubular specimens re- 
mained high while under heavy die 
but fell sharply after 

was removed 


arte! 


pressure, 


pressur¢ 


Abstract No. ll 

Flashover Strength of Plastics 
L. J. Frisco and J. J. Chapman, Di- 
electrics Lab., The Johns Hop- 
kins University, Baltimore, Md 
Surface flashover strength has 


been measured at impulse and d-« 


u 
voltage and at alternating voltages 


over the 
cps to 100 m« 


frequency range from 60 
Data on the effects of 
frequency ambient temperature, 
moisture absorption, material pro- 
perties, and electrode configuration 
demonstrate the influence of these 
factors on surface failure. 


Abstract No. 12 


Results of Reinforced and 
Laminated Plastics Survey 

L. R. Samelson, Lake Publishing 
Co., Lake Forest, Il. 

More than 2200 individuals have 
cooperated in a mail questionnaire 
survey on reinforced and laminated 
plastics used in the electrical and 
electronic industries. Topics covered 
include: forms used, applications, 


improvements desired, information 
required, standards and _ specifica- 
tions, volume used, grades used, etc 
Survey results serve as a guide to 
common problems needing solution 
in connection with these plastics 


Abstract No. 13 

LEXAN Polycarbonate Resin 
G. C. Calderwood, Chemical De 
velopment Dept., General Elec 

tric Co., Pittsfield, Mass 

LEXAN molding compound is a 
polycarbonate resin developed by 
the General Electric Co. Its unusual 
chemical composition offers a com- 
bination of toughness and heat sta- 
bility not previously available in 
thermoplastic materials. LEXAN 
resin is a completely new thermo- 
plastic molding compound which is 
characterized by the following 
unique properties: (a) high impact 
strength; (b) excellent dimensional 
stability; (c) superior heat resist- 
ance; (d) good electrical properties 


Abstract No. 14 
Processing Effects on High Pressure 
Thermosetting Laminates Used in 
the Manufacture of Printed 
Wiring Boards 
St. John Bain, Formica Corp., Cin- 
cinnati, Ohio 

This paper discusses: (a) electri- 
cal and physical properties of vari- 
ous laminates pertinent to printed 
wiring board; (b) effects of various 
processing chemicals on copper-clad 
laminates, including chemical and 
dimensional changes experienced as 
a result of degreasing, baking, 
etching, electroplating, fluxing, and 
soldering; and (c) effects of environ- 
mental aging on printed wiring 
boards, presenting data on the varia- 
tion in electrical properties as a 
function of several accelerated 
aging conditions 

Abstract No. 15 
Environmental Conditioning 
Elmer Varga, Hughes Systems De- 
velopment Labs., Culver City, 
Calif. 

A major requirement for military 
equipment is that it will operate 
properly under extremes of environ- 
mental conditions. 

This paper discusses the use of 
environmental conditioning for the 
purpose of building into etched 
circuit assemblies the necessary re- 
sistance to environment 

This conditioning finds important 
use in (a) qualification of raw 
material; (b) acceptance tests of 
incoming raw materials; (c) evalu- 
ation of the effect of individual pro- 
cesses on the quality of the finished 
board; (d) control of the manufac- 
turing operations; (e) inspection 
tests of finished etched circuit 
boards 

The application of environmental 
tests to determine manufacturing 
capabilities, solder joint reliability, 
surface contamination, and effect- 
iveness of protective coatings is pre- 
sented. 

Abstract No. 16 

Organic Coatings in Printed Wiring 

B. G. Brand, Battelle Memorial In- 
stitute, Columbus 1, Ohio 

The paper presents a brief review 
of the main methods of production 
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of printed circuits and the role of 
organic coatings in this production 
Requirements of coating materials 
for the different applications as well 
as places where improvements are 
desired are discussed. Attention 
must be given to mechanical, 
chemical, electrical properties in the 
choice of proper materials 


Abstract No. 17 
Etching Control 
D. Alnutt, Philip A. Hunt Co., Pal 
isades Park, N. J 

A discussion i: on the 
chemistry of especially 
when using iron chloride and nitric 
acid solutions. The effects of temper- 
ature, Baume free acid content, etc., 
on the quality and speed of etching 
are discussed also. In addition, a 
new powderless method of etching 
copper as used for halftone work 1s 
explained. The method may have 
application for printed wiring work 


Abstract No. 18 


Plating Considerations for 
Printed Wiring 
W. H. Hannahs, Automatic Produc 
tion Research, Mount Vernon 
The effects of plating solutions, 
especially cyanide baths, on lami- 
nated base materials are discussec 
as well as special consideration 
plating baths used for prin 
ing work and control « 
baths, considering that organic sub 
stances are immersed in the bath 


Abstract No. 19 


Improved High Temperature 
Resistance of Copper Clad Teflon. 
Fiberglas Laminate 
A. H. Haroldson, Continental-Dia 
mond Fibre Div., Budd C 

Inc., Newark, Del 
At elevated temperatures the 

face of the copper foil next to the 
trate oxidizes and 
loosening of the bond. A number of 
methods have been studied to pre- 
vent deterioration of the copper 
surface. The best results have been 
attained with a nickel plated copper 
foil. When the copper surface has 
been treated to prevent oxidation 
the laminate can be subjected to 
500°F continuously, without any 
loss of bond strength 


SsuDS causes a 


ELECTRONICS— 
LUMINESCENCE 
Abstract No. 20 
Use of Polarized Light in the Study 
of Luminescent Systems 
C. C. Klick, U. S. Naval Research 
Lab., Washington, D. C 
(No abstract received) 
Abstract No. 21 
Effect of Impurities on the Plaque 
Brightness of a 3000°K Calcium 
Halophosphate Phosphor 
A. Wachtel, Research Dept., West- 
inghouse Electric Corp., Bloom- 
field, J. 

The killing action of 27 elements 
on specially purified 3000°K 
calcium halophosphate phosphor has 
been investigated. At 1% addition, 
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the observed reduction in output 
increases in the order: Al, Zr, Ce, 


Ag, Sn, W, Si, Mo, U, Ga, Cr, Ni, . 
Cu, Co, V, and Ti. In the neighbor- 
hood of 100 ppm, the first five ele- 
ments listed showed a slight en- 
hancing effect. None of the elements 
tested had an appreciable effect on 
the color of fluorescence, except 
where killing of the luminescence 
became very pronounced. The use 
of capped silica tubes enabled firings 
with a reproducibility of +0.3% 


Abstract No. 22 


The System Phase 
Relationships and Fluorescence 
D. E. Harrison, Luminescent Materi- 
als Lab... Lamp Wire and Phos- 
phors Dept., General Electric 
Co., Cleveland, Ohio, and F. A. 
Hummel, Dept of Ceram 
Technology, Pennsylvania State 
University, University Park, Pa 
The subsolidus phase relationships 
were investigated using x-ray and 
petrographic Two com- 
pounds were isolated: 2ZnO.CdO 
860°C and 

which melts con- 


Excitation 


methods 


3.0, which fuses at ca 
ZnO0.2CdO.2B.0 


. 

0.004 wt% Mn 

in ZnO.2CdO 

0.082 wt% Mn. The 

>of ZnO.2CdO.2B.0, was 

examined using Ag, Sn, Tl, Pb, and 

Sb as single activators, as well as 
yjunction with Mn 


Abstract No. 23 
Phase Equilibria in the System 
ZnO0-P 4 


F. L. Katnack and F. A. Hummel, 
Dept. of Ceramic Technology 
Pennsylvania State University 
University Park, Pa 

Phase relationships in the system 

ZnO-P.O. were determined in the 

range between ZnO and Zn(PO,) 

Three congruentlv com- 

pounds exist, Zn,(PO,)., Zn.P.O-, and 

Zn( PO The orthophosphate has 

a sluggish, reversible inversion 

942° and melts at 1060 +8 

pyrophosphate undergoes a 

reversible inversion at 132 and 

melts at 1017 An irreversible 
inversion in the metaphosphate 
takes place in air in the range 
between 600° and 700 Simple 
eutectic relationships exist between 
ZnO and Zn,(PO,)., Zn.(PO,). and 
Zn.P.O., and Zn.P.O- and Zn(PO,) 


Abstract No. 24 


Phosphors in the System Magnesia- 
Cadmium Oxide-Zine Ovxide-Silica 
P. G. Herold, Electron Tube Div 
Radio Corp of America, Lan 
caster, Pa 
This paper describes four new 
compounds which tentatively 
dentified as: (a) 5MgO.2Cd0.ZnO 
7SiO,. (b) 2CdO.ZnO.S10,, (c) 2MgO. 
4CdO.3Si0., and (d) MgO.2CdO.Si0 
The first of these compounds shows 
good cathodoluminescent proper- 
ties. When it is activated with 4 
mole % Mn and fluxed with CdCl 
it has a peak wave length of 6380A 
a peak efficiency equal to 85% that 
of Mn-activated Zn orthophosphate, 
and very little saturation at high 
current densities 
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Abstract No. 25 


Some Observations on Aluminum 
Nitride 


C. Buhrer and E. Banks, Polytech- 
nic Institute of Brooklyn. 
Brooklyn, N. Y. 

Aluminum nitride has been pre- 
pared by several methods. The 
purest material is obtained by the 
thermal decomposition of an alumi- 
num  chloride-ammonia complex. 
This material is nonluminescent, 
while a less pure material prepared 
from the metal has a blue lumines- 
cence. Conductivity data on a sam- 
ple of the impure material and the 
diffuse reflectance spectrum of the 
pure material are presented. It is 
suggested tentatively that the blue 
fluorescence is associated with a 
stoichiometric excess of aluminum 


Abstract No. 26 


Applications of Luminescence in 
Glass 

R. J. Ginther, J. H. Schulman, and 

G. W. Arnold, U. S. Naval Re- 

search Lab., Washington, D. C 


being explored for possible applica- 
tion as scintillators, cathode ray 
screens, or light sources. For scintil- 
lation counting purposes Ce-activa- 
ted glasses appear to be most pro- 
mising. Cathode ray screens com- 
posed of Mn-, Cu-, and Ce-acti- 
vated vycor have been prepared 
The screen brightness of the Mn- 
activated glass is about one-third 
that of a ZnS( Mn) film. Cerium- and 
Sm-activated vycor are high temper- 
ature phosphors and may find appli- 
cation as light sources 


Abstract No. 27 


Oxygen As A Factor in 
Electroluminescence Maintenance 
W. A. Thornton, Research Dept. 

Westinghouse Electric Corp. 
Bloomfield, N. J. 

The assumption that oxygen enters 
zine sulfide phosphor crystals during 
electroluminescence, thereby 
introduces electron traps which are 
considerably deeper than those found 
in good electroluminescent phos- 
phors containing no added oxygen 
is sufficient to explain the extensive 
experimental data; such traps are 
expected to have a quenching effect 
on the electroluminescence light 
output 


Abstract No. 28 


Electroluminescence of ZnS 
Single Crystals 
D. R. Frankl, Sylvania Electric Pro 
ducts Inc., Bayside, N. Y 

Studies of emission from certain 
ZnS:Cu crystals under pulsed volt- 
age excitation suggest the following 
mechanisms: (a) excitation occurs 
by impact of electrons which enter 
the crystal by tunneling and are 
accelerated to several ev energy in 
the strong electric field in a barrier; 
(b) emission occurs by capture 
either of these electrons or of slow 
electrons that return to the barrier 
region on removal of the voltage 
These mechanisms are shown to be 
capable of accounting qualitatively 
for the observed behavior under 
sinusoidal excitation 
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Abstract No. 29 


Image Forming Devices Using 
Sintered Photoconductors 
K. H. Butler, Sylvania Electric 
Products, Inc., Salem, Mass. 
Two image-forming devices using 
sintered photoconductive layers in 
conjunction with electroluminescent 
layers are described. One device 
employs feedback of light to allow 
indefinite holding of an image, while 
the second device eliminates al] 
feedback to permit reproduction of 
a moving image. Equivalent circuits 
of the devices are used to explain 
their characteristics 


Abstract No. 30 


Particle Size Effects and the 
Distribution of Barriers in 
Electrolumivescent Zinc Sulfide 
Phosphors 
Paul Goldberg, Central Research 

Labs., Sylvania Electric Pro- 
ducts Inc., Bayside, N. Y 
The particle size of electrolumi- 
nescent vhosphors is found to be a 
significant factor in empirical equa- 
tions describing brightness-voltage 
relationships These observations 
can be understood by considering 
(a) distribution of barriers in an 
electroluminescent particle, (b 
division among the barriers of the 
voltage drop per particle. and (c) 
dependence on the particle size of 
the voltage drop ver particle. Equa- 
tions are derived which permit a 
meaningful comparison of __ the 
brightness of different phosphors 


Abstract No. 31 


The Influence of Activator and 
Coactivator Concentrations on the 
Photoconductivity of Cadmium 

Sulfide Powders 
B. E. Bartels and M. S. Wasserman. 
Svlvania Electric Products Inc 
Flushing 54, N. Y. 

Analyses of photoconductive CdS 
powders reveal an interdependence 
between the activator and coacti- 
vator concentrations retained after 
synthesis. In powders prepared with 
controlled amounts of activator (Cu) 
and excess coactivator (Cl), the 
amount ‘of retained coactivator is 
found to be closely related to the 
activator content, and independent 
of the excess coactivator present 
during preparation. As the copper 
content is increased, the mole ratio 
Cu/Cl increases, passing unity in 
the range in which photoconductive 
sensitivity is a maximum. In the 
same range there are marked 
changes in spectral response and 
dark conductivitv. Optical and elec- 
trical data are related to the analyses 
of the powders in such a way that 
tentative conclusions can be drawn 


Abstract No. 32 


Luminescent Properties of ZnS 
Phosphors with Ga and In 
Coactivators 
E. F. Apple, Research Lab., Genera! 

Electric Co., Schenectady, N. Y 

In 2ZnS:(Cu.Ag.Au)(GaIn) the 
luminescence observed depends on 
structure, activator concentration, 
and coativator identity. Cubic phos- 
phors containing 10° g/atoms acti- 
vator and _ coativator/mole ZnS 
show green, blue, and _  vellow- 


| 
va 
"4 
gruently at 797° 
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green emissions typical of Cu, Ag, 
Au, respectively In hexagonal 
materials the emission is yellow 
with Ag, orange with Cu, and 
orange-red with Au. These effects. 
which are observed at room temper- 
ature with In and at lower temper- 
atures with Ga, can be interpreted 
qualitatively by means of the 
Schon-Klasens theory of hole migra- 
tion 
Abstract No. 33 
ZnS:Cu Phosphor Produced by 
Radioactive Decay of Neutron- 
Irradiated ZnS 
J. Kastner, R. M. Potter, and 
M. Aven, Lamp Development 
Dept., General Electric Co 
Cleveland, Ohio 
ZnS powder was irradiated in a 
high density thermal neutron flux 
to form radioactive Zn-65, Zn-69, 
ind S-35. These radioisotopes decay 
to randomly distributed Cu-65, 
Ga-69 and Cl-35, respectively 
Approximately one week after 
removal from the nuclear reactor 
the sample was fired at 900°C. The 
optical properties of the sample 
were determined during the ensuing 
ten-month decay period. Experi- 
mental findings are presented and 
interpreted im the light of current 
theories of luminescence in ZnS 


Abstract No. 34 


Self-Activated Luminescent Center 
in ZnS Phosphors 
J.S. Prener and D. J. Weil, Research 
Lab General Electric Co 
Schenectady, N. Y 
A model for the ground state of 
the self-activated luminescent cen- 
ter in ZnS phosphors proposed by 
Prener and Willian in 1956 has 
been confirmed experimentally. It 
i hown that a Zn vacancy is in- 
volved in the blue luminescence and 
I I de pends on 
whether the required coativator can 
occupy a Zn or §S site near the 
vacancy The calculated energy 
levels of the center using a simple 
nodel are in qualitative agreement 
vith the observed spectra 


a 


spec 


Abstract No. 35 
Energy Levels of Activators in 
Zine Sulfide Phosphors 
C. F. Wahlig, Photo Products Dept 
E. I. du Pont de Nemours & Co 
Experimental Station, Wilming 
ton, Del 


Measurements of the decrease of 
emission peak intensity under 3650A 
u.v. excitation with increasing tem- 
perature tend to confirm the exis- 
tence of two basic levels in self-ac- 
tivated ZnS identical with those 
proposed by Browne.* Changes in 


the position of the basic levels, 0.9 
ev and 1.6 ev above the valence 
band, upon including Ag, Cu, or Mr 
activator in the phosphor formula- 
tion have also been investigated 


‘Pp F R ane j Elect nics 4 154 
Abstract No. 36 
Optical Anisotropy and 
Birefringence Banding in ZnS 
Crystals 
L. W. Strock, V. A. Brophy, and 
T. E. Peters, Research Lab.., 
Sylvania Electric Products Inc 
Bay side, N 
Electroluminescent crystals 
with 3-layver x-ray structure and 
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banded birefringence exhibit strong 
anisotropy in light emission—fields 
applied perpendicular to the [c] 
direction producing brightest emis- 
sion. Crystals with 2-laver struc- 
ture aiso show similar banding. Ex- 
periments on the decay of the bire- 
fringence at elevated temperatures 
have shown that the decay time is 
at least two orders of magnitude 
slower for the 2-layer compared 
with the 3-laver structure crystals 
These data, combined with parallel 
x-ray studies of structural changes 
accompanving the birefringence de- 
cay, provide a useful means of de- 
termining the role of structural dis- 
order in the host crystal of electro- 
luminescent phosphors 


Abstract No. 37 

The Lead Oxide-Lead Sulfate and 

Lead Oxide-Lead Selenate Systems 

R. O. Jones and S. Rothschild, Mu! 

lard Research Labs., Cross Oak 

Lane Salfords Nr Redhill 
Surrey, England 


The lead oxide-lead sulfate ana 
lead oxide-lead selenate systems 
have been investigated using the 


room temperature x-ray powder 
method. The two systems are verv 
similar and the preparation and 
X-ray powder patterns are given of 
lead sulfate PbSO.. and lead monoxy- 
sulfate PbO.PbSO,, lead tetroxvsul- 
fate 4PbO.PbSO lead selenate 
PbSeO,, lead monoxyselenate PbO 
PbSeO and lead tetroxvselenate 
4PbO.PbSeO.. The lead oxvselenates 
are isomorphous with the corres- 
ponding lead oxysulfates and the 
pattern of lead monoxvselenate has 
been indexed on the basis of a mono- 


clinic unit cell of dimensions 


Abstract No. 38 


Infrared Stimulation and Quenching 
of Photoconduction in Single- 
Crystal ZnS:Cu 
F. G. Ullman and J. J. Dropkin 

Polytechnic Institute of Brook 
lyn, Brooklyn, N. Y 
The photoconduction of labora- 
torv grown single crystals of Zns:Cu 
in the near infrared has been stud- 
ied as a function of light intensit, 
and electric field with and without 
simultaneous 3650A radiation. In 
frared alone produces photocur 
rents even in an unexcited crvstal 
This photocurrent quenches the u.v 
photocurrent. The stimulation and 
quenching spectrum for infrared 
photocurrent has been determined 
and compared to published lum- 
inescence quenching spectra and 
excitation spectra for infrared emis- 
sion and to previously postulated 
mechanisms 


Abstract No. 39 


Sintered CdS Photoconductors 
M. J. B. Thomas, Svlvania Electric 
Products Inc., Salem, Mass 
The effects of composition and 
firing procedure on the optical and 
electrical properties of thin photo- 
conductive layers, formed by sin- 
tering cadmium sulfide powder, are 
described. Photocurrent, dark cur- 
rent, decay rate, and spectral sensi- 
tivity data are included. These char- 
acteristics are compared with thos« 
of films formed from  unsintered 

powders 
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ELECTRONICS— 
SEMICONDUCTORS 


Abstract No. 40 


Present Status of Semiconductor 
Materials Research 
D. K. Hartman, General 
Co., Syracuse, N. Y 
It was just a decade ago that 
transistor action was first announce 


by Bardeen and Brattain. No smal 


part of the advances made in trar 
sistor technology during the er 
suing period have been credit 
to materials research in proce re 
and purification Today, becaus« 
of these advances, both germa n 
and silicon are findi wide eT 
tance in the semicor t 

There are still prot Ss associated 
with these materials but it the 
general consensus of many f 
semiconductor manufacture: tl 
present-day devices are not 
terials limited. It is the intent 
this paper to review pertinent . 
in technological advancement that 
Nas made tnis material 
possible and to give some ght 
as to the present status of sen 
conductor materials rese 


Abstract No. 41 


Solid Solubilities and Electrical 
Properties of Aluminum and 
Gallium in Germanium 


F. A. Trumbore and E. M. Porban 
sky, Bell Tele phone Labs Ir 
Murray Hill, N. J 


The distribution coefficient fA 
and Ga ir Ge deter 
crystal pulling experiment 
fron 0 08.0 09 at «the elting p 

f Ge (937°C) to 0.04-0.05 at 900°¢ 
The most heavily dope 
with acceptor concentration 
2x 10° atoms/ct had roor te 
iture €sistivitie 0.00 
esponding to hole 
about «VU cn V-Sec. S 
ind resistivities were als t 
on crvstais growr it tempe 
atures Dy thermal gradient i 


lization 


Abstract No. 42 
Solid Solubility of Tin in Silicon 
F. A. Trumbore, C. R. Isenberg, anc 
E. M. Porbansky, Bell Tek 
phone Labs., Inc., Murray Hill 

N. J 


The distribution coefficient of S: 
in Si, as dete I tal 
pulling and thermal gradient cry 
tallization§ techniques fall 
a value of 0.015 at the melting point 
of Si to a value of about 7x 10° at 
lower temperatures. Resistivity an 
lifetime measurements indicate that 
Sn is electrically neutral in Si. The 
observed lattice parameter for crys 
tals grown at 800°C is in agreement 
with the calculated lattice expansio: 
assuming Vegard’s law 


Abstract No. 43 


A Sensitive Method of Measuring 
Optical Scattering in Silicon 
G. H. Schwuttke, O. A. Weinreich 

and P. H. Keck, Sylvania Ele« 
tric Products Inc., Bayside, N. Y 
Radiation scattering in the higt 
transparency infrared region of sili- 
con can be utilized effectively to 
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study the perfection of single crys- 
tals. A novel optical arrangement 
has been developed which is suit- 
able for detecting extremely small 
amounts of scattered radiation. This 
method is sensitive enough to study 
minute inhomogeneities, e.g., fluc- 
tuations in concentration of impuri- 
ties gen) 


Abstract No. 44 


On the Crystal Chemistry of 
Semiconductors 


E. Mooser and W. B. Pearson, Na 
tional Research Council, Ot- 
tawa, Ont., Canada 

On the basis of the valence bond 
theory a relationship is derived 
between the position in the Periodic 

Table of the chemical components of 

semiconductors and their crystal 

given with 
coordination configura- 
uconductor can be 
some certainty. We 


uies are 


this 
are applied to the dis- 
conductors conta ng 
VIIB elements only 
Abstract No. 45 
The Electronic Structure of 
Compounds Formed between 
Group VB to VIIB Elements 
E. Mooser and W. B. Pearson, Na 
tional Research Council, Ot 
tawa, Ont., Canada 
tal structur and properties 
ty pe 


gre ups VB t 


orm pe und the 
A'B 

of the valenc 
rs A consistent 

is proposed for these sub- 

and the band structures 

it show some interest- 

jeviating, in many 

senuconductor 

in Bi.Te,, for 

the energy 

1d conduction 

aa band of low 

electrons in this 

ng a low mobility. A 

new ternary semiconduc- 


ty pe is pre- 


disc ussed 
e bond theory 
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Abstract No. 46 


Semiconducting Compounds—A 
Challenge in Applied and Basic 
Research 

A. C. Beer, Battelle Memorial 
stitute, Columbus, Ohio 
The use of a number of semicon- 
ducting compounds in device appli- 
cations are discussed for categories 
defined by the external field which 
produces a modulation of the carrier 
density or mobility. Included are 
applications based on response to 
electric fields magnetic fields 
thermal fields, photon energy, and 
thermal energy. The implications of 
recent investigations as regards band 
structure, states densities, charge 
carrier mobilities, crystal imperfec- 
tions, and other basic characteristics 
are presented 
Abstract No. 47 
Recent Studies of the Properties 
of PbS, PbSe, and PbTe 
W. W. Scanlon, U. S. Naval Ord 
nance Lab., White Oak, Md 
The solid phase of PbS is shown 
to exist only over a composition 
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range from about 10” excess sulfur 
atoms to 10” excess lead atoms. Con- 
trolled composition within this 
range is discussed. Optical absorp- 
tion edges in the three compounds 
have been established. Direct and 
indirect transition energies, radia- 
tive recombination rates, and radia- 
tive recombination lifetimes have 
been evaluated. The lifetime is 
shown to be limited by lattice re- 
combination processes in PbS with 
the lifetime varing inversely within 
the concentration of dislocations 


Abstract No. 48 


Interdiffusion by the Vacancy 
Mechanism in Binary Ionic 
Semiconductors 


R. F. Brebrick, Naval Ordnance 
Lab., Silver Spring, Md 


Interdiffusion in a binary ionic 
semiconductor is considered start- 
ing from the phenomenological 
equations of Wagner. A consistent 
Kinetic treatment of the vacancy 
mechanism establishes the composi- 
tion dependence of the ion mobili- 
ties. Using chemical potentials re- 
cently given by the author, an 
expression for the complete com- 
dependence of the inter- 
constant is derived. This 
expression agrees with the asympto- 
tic values given by Wagner. The 
theory is applied to the available 
data on lead sulfide 


position 


Abstract No. 49 


Production of 1/f Noise by 
Radiation in Lead Sulfide Cells 


R. L. Williams, Defense Research 
Board, Canadian Armament 
Research and Development Es 
tablishment, Quebec, Canada 

The noise spectrum of a lead 
sulfide cell can be changed from 
one which is dominantly generation- 
recombination to 1/f by irradiating 
the cell with short wave-lengt} 
radiation. The surface properties of 
ead sulfide along with the depth of 
penetration of short wave-length 
radiation are used to explain the 
effect. The change in spectral form 
can be produced at room tempera- 
ture and dry ice temperatures. The 
experiments indicate that the use of 
the term “radiation noise” is too 
restrictive 


Abstract No. 50 


Preparation of Crystals of 
Hexagonal SiC 


D. R. Hamilton, Research 
Westinghouse’ Electric 
Pittsburgh 35, Pa 


Crystals of hexagonal SiC have 
been prepared by a method similar 
to that of Lely.* In particular 
means of controlling crystal habit 
and nucleation have been intro- 
duced. Methods of preparation of 
relatively pure material are out- 
lined, and some experiments on 
the growth of electroluminescent p-n 
junctions described. Some data are 
presented on the photoluminescence 
characteristics of a number of 
samples 


*J. A. Lely, Be jeut. keraw Ges., 32 
229 +1955 


Lab.. 
Corp 
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Abstract No. 51 


High Pressure, High Temperature 
Growth of Cadmium Sulfide 
Crystals 


W. E. Medcalf and R. H. Fahrig. 
Eagle-Picher Co., Miami, Okla 
A method was developed for 
growing cadmium sulfide crystals 
from the melt. Melting was carried 
out at pressures in excess of 100 atm 
and at temperatures greater than 
1500°C. Single crystals weighing in 
excess of 100 g were grown. The 
crystals had desirable photovoltaic 
properties. High purity cadmium 
sulfide powder was produced by 
synthesis from elemental cadmium 
and sulfur which had been puri- 
fied by zone refining and other 
metallurgical techniques 


Abstract No. 52 


Carrier Transport Phenomena in 
Semiconductor Crystals 


E. M. Conwell, Svlivania Electri 
Products Inc., Bayside, N. Y 
This paper reviews some of the 
recent developments relating to 
carrier transport, mainly in Ge and 
Si. The dependence of lattice mo- 
bility on temperature and electric 
field intensitv has been found to 
disagree with theory Proposed 
explanations for the disagreement. 
as well as other effects of high elec- 
tric field, are discussed. Properties 
peculiar to relatively impure sam- 
ples and/or low temperatures, such 
as impurity band conduction and 
anomalously large thermoelectric 


power, are considered also 


Abstract No. 53 


Electron Mobility in Indium 
Phosphide* 


M. Glicksman and K. Weiser, RCA 

. Labs., Princeton, N. J 

The Hall mobility of electrons in 
InP has been observed as a function 
of temperature and of carrier con- 
centration. A lattice mobilitv of 
5000 cm’*/v-sec at 290°K is calculated 
from these results, varing with 
temperature at least as rapidly as 
= The observations have been 
fitted by assuming a combination of 
lattice and ionized impurity scatter- 
ing with an effective mass of the 
order of 0.05 m.. 

* This work was supported 
Air Force 


Abstract No. 54 


Recombination of Carriers in InSb 

R. N. Zitter, A. J. Strauss, and A. E. 
Attard, Midway Labs., Univer- 
sity of Chicago, Chicago, I 


Recombination of excess carriers 
in n- and p-type InSb below 200°K 
is shown to take place primarily 
via bound states in the forbidden 
gap. Activation energies, concen- 
trations, and recombination para- 
meters associated with these states 
are estimated from measurements 
of the dependence of photoconduc- 
tive and photoelectromagnetic life- 
times on temperature, impurity 
concentration, and light intensity 

* This research was supported by the U.S 
Air Force, through the Office of Scientific 
Research of the Air Research and Develop- 
ment Command 
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Abstract No. 55 


Avalanche Breakdown and 
Collector-Voltage-Saturation of 
Diffused Intrinsic Power Transistors 
C. Huang, Sylvania Electric Pro- 
ducts Inc., Woburn, Mass 
A theory is presented on the 
collector-voltage-saturation of a 
diffused intrinsic power transistor 
Calculations are made for the dis- 
tributions of carrier density, current 
iensity, and electrical potential in 
he emitter, base, and _ collector 
egions. The avalanche breakdown 
of this transistor is calculated based 
on Miller’s data.* It is shown that a 
collector breakdown voltage of 1000 
Vv is not incompatible with a satura- 
tion voltage of 1 v at a collector 

current of 10 amp 


*S. L. Mille Re 105. 1246 (1957 


Abstract No. 56 

Effects of Radiation on Germanium 
and Silicon 

G. C. Messenger and J. P. Spratt, 

Philco Corp., Philadelphia, Pa 

The effects of radiation-introduced 


lefects on Ge and Si were obtained 


by irradiating transistors with 
neutrons from several different 
ource The variation of transistor 
parameter with accumulated neu- 
tror ise snows tnat 


Neutrons/cm* 
K 


Lifetime damage constant K 


neutror ( 

Ge 4.2 U.6 10 
P Ge 3.0 1.0 10 
NS 1.1 O4 10 
PS 20 0.8 10 

The recombination mechanism is 
ft Schottky-Read type th th 
nportant recombination site in p- 


2 e.v. below the conduc- 


Abstract No. 57 
Two New Transistor Switching 
Types 
C. S. McCarthy, Jr., Philco Corp 

Philadelphia, Pa 
This paper describes two new types 
of P-N-P Ge switching transistors 


The first type is a symmetrically 
fabricated homogeneous-base_ de- 
e, ha large-area microalloy 
ontact lesigned as a switch 
r core matrice in computer 
rcuit The econd type (low-in- 
ection efficier collector) was de- 
gned t r e the minority- 
carrie! torage time n the base 
region. Tt vas accomplished bv a 


collector. Per- 
tinent design, fabrication, and per- 
formance data are presented 


urface-barrier-type 
‘ 


Abstract No. 58 
Factors Influencing Diffusion 
Processes 
F. M. Smits, Bell Telephone Labs 
Murray Hill, N. J 
Diffusion processes for the con- 
trolled introduction of impwiities 


into semiconductors are determined 
by certain factors. A summary is 
given ot these factors followed by 
experimental 
about 
diffusion 
possible dependence 


a discussion of the 
and theoretical knowledge 
then Included are the 
constant and it 
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on concentration, the effect of the 
initial conditions and the boundary 
conditions on the impurity distribu- 
tion, and the role’ of undesirable 


impurities. Particular processes are 
mentioned only as representative for 
basic methods with emphasis placed 
on inherent advantages and limita- 
tions of such methods 


Abstract No. 59 


Diffusion Concentration Profiles 
by Analog Computation 
Worden Waring, Semiconductor Div., 

Raytheon Mfg. Co., Newton, 
Mass 
Use of an analog computer 
(REAC) to solve the diffusion equa- 
tions gives solutions which take ac- 
count of “out-diffusion” following 
initial “in-diffusion” “slump 
on reheating, and variation of t 
liffusion coefficient. The effects of 
such phenomena on junction loca- 
tions and base widths of devices are 
found to be significant 


Abstract No. 60 


Diffusion Control in Silicon by 
Carrier Gas Composition 
C. J. Frosch and L. Derick, Bel! Tele- 
phone Labs., Murray Hill, N. J 
A single heating process is des- 
cribed for producing 


double diffused n-p-n structures in 


controlled 
Si by changing the carrier gas tvpe 
rr composition during the diffusion 
The process is shown to depend on 


the large changes in the volatility 
of compounds such as Ga.O, at a 
given temperature in carrier gases 
of different type and composition 


Data are As.O.-Ga.0O 
and Sb.O,-Ga.O, diffusions to illus- 


presented for 


trate the control of laver thickness 
by heating first in wet N, and ther 


in wet H Th diffused struc- 


e shown t be suitable for 


Abstract No. 61 


Diffusion of Radioactive 
Antimony in Silicon 
J. J. Rohan, J. K. Kennedy, and 
N. E. Pickering, Air Force Cam- 
bridge Research Center, Bedford. 
Mass 
Diffusion coefficients of Sb in Si 
obtained at several temperatures be- 
tween 1200° and 1400°C are com- 
pared to values obtained via p-n 
techniques. A method is 
described for determining diffusion 
coefficients and surface concentra- 
tions from the integrated residual 
count rates of the 0.602 mev gamma 
of Sb-124, measured before and 
after removing successive 2-4 mi- 
cron layers of Si perpendicular to 
the diffusion path. Low surface con 
centrations and_ relatively short 
anneal minimize surface 
erosion 


junction 


times 


Abstract No. 62 


Diffusion into Silicon from 
Glassy Layers 
J. E. Cline and R. G. Seed, Sylvania 
Electric Products Inc., Woburn, 
Mas 
The diffusion of boron into sili- 
con from glassy layers containing 
the system K.O-SiO.-B.O, was in- 
vestigated. These glassy lavers can 
be formed by dehydrating aqueous 
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solutions; they are fluid at the dif- 
fusion temperature of 1200°C 


ods were developed for obtaining 
controllable initial concentrations 
and penetrations of diffusant. Uni- 
formly flat junctions were obtained 


apparently due to the solvent ac- 
tion of the glassy layers in prevent- 
ing masking by silicon dioxide 


Abstract No. 63 


Effects of Heat Treatment on 
Diffused Silicon Material 
A. L. MacDonald and W. J. Heinecke. 
Raytheon Mfg. Co Newton 
Mass 
Two series of experiments are 
discussed which show the change 


in bulk lifetime, resistivity and 
diode characteristic as a function of 
heat treatment. All samples wer: 
heated at 1300°C for 20 hr. Ons 
series was cooled at a rate of 100° /hr 
to the desired ten j 
300°C and ther 

second series wa 
the desired anneali 

700°-300°C and I 
studied as a function of time. Atte 
lant changes are presented 


Abstract No. 64 
Semiconductor Surface Phenomena 
A. Many, Sylvania Electric Products 


Inc., Bavside, N. Y. (On leave of 
absence from Hebrew University 
Jerusalem, Israe! 

This paper reviews recent re- 
the surface structure of 
ictors, especially Ge ir 

i fron measure ent t 

nductance, surface r n 
bination velocit field effect. etc. It 
s now vell established that the 
ire two distinct types { irfac 
states referred t Is low 1 fast 
states The char acterist ‘ ths 
States, suc? as their distribut 


Abstract No. 65 
Effects of Certain Chemical Treat- 
ments and Ambient Atmospheres 
on Surface Properties of Silicon 
T. M. Buck and F. S. McKim, Be!! 
Te lephone Labs M irray H 1] 


Measurements of surface 


tivity, recombination velocit S 
and field-effect mobility were made 
on Si. The choice of chemical tre it 


ments and ambient atmosphere 
made it possible to explore a wide 
range in surface potential and S 
With the treatments used. low S 
occurs when the surface is either 
strongly p-type or strongly 
S is. increased by 
which shift surface potential in to- 
ward the middle from these ex 
treme conditions 


-tV pe 


atmosphere 


Abstract No. 66 


Effect of Various Etches on 
Recombination Centers at 
Germanium Surfaces 
George Wallis and Shvh Wang, Sv! 

vania Electric Products Inc 
Woburn, Mass 
Germanium samples were etched 
with CP-4, hydrogen peroxide 
iodine A, silver, and electrolyti 
etches. The density, energy level 


* 
tures 
| Ge ite ee the fabrication of high alpha tran- energy in the forbidden gap and 
tion band sistors their hole or electron capture ct 
% section, for different surfaces are 
summarized and discussed 
| 
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and capture probabilities of ths 
surface recombination centers were 
easured before and after the 
etched samples were baked. Iodine 
A and electrolytic etch produce 
centers of type I; the remaining 
etches, centers of type II. On sur 
faces etched with adine A, baking 
changes the type of centers to II 
On surfaces etched otherwise, bak- 
ing merely increases the density of 
1 initial type of centers 


Abstract No. 67 

Saturation Current in Germanium 
and Silicon 

B. Svlivan a Electric Prod- 

s Inc., Woburn, Mass 

The saturation currents observed 

) n-type Si and Ge anodes and p- 

type S: and Ge cathodes in certain 

aqueous electrolytic vells have 

wen studied. With n-type Ge anodes 

n 1.35N KOH, the current is limited 
t 


by bulk generation of carr rs. N- 
type S: anodes in 5% HF shows that 


generation from the surface r 
minant. The cathodes 


Ge) show poorer saturation, t 


Abstract No. 68 
Theory of Electron Transfer 
Reactions at Semiconductor 
Electrodes 
J. F. Dewald, Bell Telephone Labs 
Murray Hill, N. J 
A general theory of electron 


transfer reactions at semiconductor 
electrodes is devel loped Semicon- 
ductor electrodes are shown to dif- 
fer from metal electrodes most im- 
portantly in (a) the ability of the 
electric fields to penetrate deep int 
the electrode, and (b) the existence 
f two, readily distinguishable kinds 
f electrons, i.e.. valence and con- 
juction band. Assuming nonradia- 
tive transitions, operation of the 
Franck-Cor principle and the 
absence f st states. a rela- 
tively simple picture of the elec- 
tron transfer processes is derived 
which gives the kinetic parameters 
for the hole and election currents 
in terms of the equilibrium proper- 
ties of the electrode svstem 


Abstract No. 69 
Experiments on Electron Transfer 
Reactions at the ZnO Electrode 
J. F. Dewald, Bell Telephone Labs. 
Murray Hill. N. J 
Measurements of the kinetic para- 


neters of several electron transfer 
reactions at single crystal zinc -Oxide 
electrodes (n-type) are reported 


Major dependences on semiconduc- 
tor doping and on u.v. illuminatior 
re observed. The kinetics are simi- 
lar in some respects to those observed 
on “valve” electrodes like Ta.O., ex- 
hibiting strong dissymmetry be 
tween the anodic and cathodic pro- 
esses. Interpretation of the dat: 
s made in terms of theory pre- 
ously presented 


Abstract No. 70 
Chemical Etching of Silicon, I. The 
System HF, HNO., N.O 
B. Schwartz and H. Robbins, Sem:- 
conductor Lab., Hughes Products. 
Los Angeles 45, Calif 


The kinetics of the dissolution of 
silicon in HF-HNO,-H.O solutions 


NEW YORK PROGRAM 


at 25 c are discussed. Bann ng rime ntal 


ing compositions = meas- 
attack on a 111 


terpretation of the reaction mechan- 


isms is discussed in relation to 


Status of Semiconductor Process 


No received ) 


Abstract No. 72 
On the Jet Etching of Germanium 


P. F. Schmidt and D. A. Keiper, Re- 


Determination of Crystal Orientation 
by High Intensity 
H. Schwuttke, Sylv 


i precision orientation of single 
cryst ndence of high 1 


Some Properties of Electroless Nickel 
Contacts to Silicon 

Matovich, P. J. Heinle, 

. E. McNamara, Semic 


Electroless Ni contacts 


or n- and p-type Si having resistiv- 
0.005 and 400 ohm-cm 


and of annealing a 


The Use of Organo-Substituted 
Hydrolyzable Silanes on 
Silicon Devices 
Semiconductor 
Hughes Products. 


silicon devices 

organo-substituted 
silanes of the form R, 
can be CH, 
X can be Cl, OC:H,, 
improved characte 
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of the device. Data are presented 
on the effect of “silaning” on re- 
verse saturation current and chan- 
neiing 


Abstract No. 76 


Photolithographic Techniques as 
Applied to Semiconductor Devices 
J. R. Nall and J. W. Lathrop, Dia- 

mond Ordnance Fuze _  Labs., 
Washington, D. C 
Techniques are described for the 
use of photosensitive coatings in the 
fabrication of semiconductor de- 
vices. The chemical, optical, ther- 
mal, and electrical characteristics 
of the coating are outlined and tech- 
niques of exposing and developins 
patterns are given. Application of 
photolithographic techniques to the 
specific problems of masking, vac- 
uum deposition, electrodeposition 
etching, and electrical insulation are 
discussed. Specific devices fabri- 
cated by photolithographic tech- 
niques are illustrated and their 
electrical characteristics presented 


ELECTROTHERMICS AND 
METALLURGY 


Abstract No. 77 


Review of Various Analytical 
Methods for Determination 
of Trace Impurities 
L. Pepkowitz, Nuclear Materials and 
Equipment Co., Pittsburgh, Pa 
No abstract received) 


Abstract No. 78 


Spectrochemical Methods for 
Analyzing High Purity Hafnium 
T. A. Sullivan, R. W. Lewis, and 
J. L. Potter, Electromet tallurgical 
Experimental Station, U. S. Bu- 
reau of Mines, ‘Boulder 


The Electrometallurgical Experi- 
ment Station of the United States 
Bureau of Mines at Boulder City 
Nev has been engaged in resez 1 


for the production of high I 
hafnium metal from off-grade haf- 


nium sponge by electrolytic means 
This paper deals with the spectro- 
chemical developed for 
analysis of this high purity metal 
The metal is first converted 
oxide and the impurity element 
are then determined spectrographi- 
cally, using a silver chloride carrie: 
technique 


Abstract No. 79 


X-Ray Fluorescent Analysis of Tin 
in Titanium in the Range of 
0.03-0.50% Tin 

A. Sullivan, R. W. Lewis, and L. 
Carpenter, Electrometallurgical 
Experim ental Station, U. S. Bu- 
reau of Mines, Boulder City, Nev 

The Analytical Laboratory of the 
Boulder City Station of the United 
a Bureau of Mines as a testing 

aboratory for compliance of titan- 
ium sponge to meet General Ser- 
vices Administration purchase speci- 
fications was faced with the problem 
of determining tin in titanium by a 
fast, accurate method. An x-ray 
fluorescent spectrographic method 
was developed, using the hardness 
button as a sample, that is both 
fast and accurate. 


; 

fa - 
data 
Abstract No. 71 

Technology 

F. Biondi, Bell Telephone Labs 
adel 
low re 
two factors: supply of injected min- 
on ority carriers, and rate of dissolu- 1 

of the SiO, film. On low resis. 

tivity n-Ge the applied electrostatic 

dicate ntribution from surface field can generate its own hole sup- 

veneration ply. Under certain conditions elec- 
tropolishing is possible in complete : 
iarkness. Ge can also be jet-etched - 
cathodically, the reaction product 
being GeH,. This reaction does not F 
take place on Si r) 
Abstract No. 73 
An instrument based on the light ‘ 
figure technique for optical orien- 
tation of Ge and Si is described 
which fulfills all requirements for 
conaitions is snown ana standara 
etching specifications are given ‘ 
Abstract No. 74 
Research Dept.. Motorola, Inc.. 
Phoenix, Ariz 
Si wer 
evaluated with respect to solder- 
ability, adherence, specific contact 
resistance. and ohmic character 
These properties were investigated 

roughness. The effects on contact - 
properties of plating in an ultra- 
sonic bath iE: tem- 
peratures up to 1000°C are dis- 
cussed 

Abstract No. 75 
B. id.. 
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Abstract No. 80 


Determination of Hydrogen in 
Titanium and Its Alloys— 
A Critical Review 

T. D. McKinley, Research Div., Pig- 
ments Dept., E. I. du Pont de 
Nemours & Co., Inc., Experi- 
mental Station, Wilmington, Del 
Theory, operational characteristics, 
ind indicated precision 


acy of analytical methods based 
! n equilibriun 


ana accur- 


on vacuum extraction, 
pressure, and combustion approaches 
are reviewed. At the present time 
vacuum extraction at 1400°C and 
the equilibrium pressure 


recommended for determinati 
hydrogen in titanium and titanium- 


g 
rich alloys. 


Abstract No. 81 


Some Applications and Methods for 
Low Level Analysis of Specific 
Impurities in Metals 
R. A. Wallace, T. G. Polanyi, and John 
Roboz, Central Research Labs 
Sylvania Electric Products Inc 


tavside, N. Y 


Results on the mass-spectrometri 


inalvsis of tungsten and cathod 
nickel for potassium, and on sili- 
con for boron, are presented. Data 
n ary work, using isotope 
lilution techniques, are described 
The relative ion vields for severa 
emical compound-surface ionizing 
stems were investigated In i 
ingle-filament surface ionizatior 
ource One _ systen at the rel 
tively slow ten perature of 650° = 


i ingly chars 


tal boron 
Abstract No. 82 
Stress Corrosion Cracking of 
Austenitic Stainless Steels 
J. J. Harwood, Office of Naval Re 


search, Washington, D. C 
The factor 
t itv of a 
tre col 
i ms 
I t il re 
meta 
per t I te 
ondition, and stress are considered 
Gene reement exists about the 
ndit necessary to nucleate the 
ack, but the mechanism bv whict 
he crack propagates remains to be 
resolved. Methods of prevention are 
cussed and recent findings in- 
dicate the benefits of compositior 
and impurity control 


Abstract No. 83 
Mechanism of Stress Corrosion 
of Type 304 Stainless Steel 
H. L. Logan, National Bureau of 
Standards, Washington, D. C 
No abstract received 


Abstract No. 84 


Stress Corrosion Cracking of Some 
Homogeneous Alloys Containing 
Nickel 
H. R. Copson, Research Lab., Inter 
national Nickel Co., Inc., Bay- 

onne, N. . 


The results of some laboratory 
tests on the stress corrosion crack- 
ing of Fe-Cr-Ni alloys, or Fe-Ni 
alloys, and of Ni-Cu alloys are de- 
cribed. In each of these systems 
usceptibility to stress corrosior 


eems to be present when 


L 
cracKIng 
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the atomic percentage of the more 


noble constituent is between 0 and 
50%, with the maximum §suscep- 
tibility occurring at some _ inter- 
mediate percentage. Some thoughts 
on mechanism are included. Pre- 
sumably susceptible alloys resist 


cracking in many environments be- 
cause crack initiation is prevented 
by protection films, by rapid uni- 
form attack, or in some other way 


Abstract No. 85 
Stress Corrosion of Austenitic 
Stainless Steel in High 
Temperature Water 
M. G. Fontana, Ohio State 
sitv, Ohio 
No abstract received) 
Abstract No. 86 
Caustic Stress Corrosion of Type 347 
Stainless Steel 


G. C. Wheeler and E. Howells, Knolls 
Atomic ower Lab.. Schenec 


Univer 


tadvy, N. Y 
Stress corrosion tests of Ty pe 347 
mix- 


were made in 
s of caustic-in-water 
ic-in-sodium at temperatures  be- 
488° and 850°F, using vari- 
us types of specimens. Transgranu- 
lar cracking of the I 
solvents over a wide 
nge f temperatures and 
trations. In miniature boiler tests 
cracking was prevented by addin 
jium phosphate to the boile 
at the rate of 1 part PO, to 
caustic-anion 


less steel 


tweer 


specimens occu 
ed in both 


concen- 


parts 


Abstract No. 87 
Cracking of Martensitic Stainless 
Steel under Conditions of 
Stress and Corrosion 
F. Brown, Naval Research 
Washington. D.C 
No abstract received 


Abstract No. 88 
Review of Aqueous Electrolytic 
Techniques and Methods for 
Preparation of High Purity Metals 
A. Brenner, Nationa! 
Standards, Washington, 
No abstract received 


Abstract No. 89 
Fused Salt Electrowinning and 
Electrorefining Methods 
M. E. Sibert, Horizons Inc., 2891 E 
79 St.. Cleveland, Ohio 
A variety of metals which can- 
not be prepared by conventional! 
smelting or aqueous reduction meth- 
ods may be prepared in a high state 
of purity by fusion electrolysis 
These include transition metals of 
Groups IV. V, and VI. Processing 
may be carried out by electrolyti 
decomposition of a metallic com- 
pound or by electrolytic refining of 
an impure metal through its em- 
ployment as an anode. General pro 
cess principles are described and 
istrated. Advantages and limita- 
tions of these process types are 
liscussed 


Lab 


Bureau of 
DC 


Abstract No. 90 

Fused Salt Electrorefining of 

Hafnium Metal 
D. H. Baker, Jr., J. R. Nettle, and 
J. Heigel, U. S. Bureau of Mines, 
Boulder City, Nev 

The U.S. Bureau of Mines 
trometallurgical Experiment 


Elec- 
Sta- 
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tion at Boulder City, Nev.. has 
under the Atomic Energy Commis- 
sion’s sponsorship, attempted to ap- 
ply the fused salt electrorefining 
techniques developed for titanium 
to off-grade hafnium sponge. This 
paper deals with the various elec 


trolytes studied, and types and 
quality of deposits produced from 
these electrolytes. Hafnium metal 


with hardnesses as low as 130 BHN 
has been produced by this technique 
Abstract No. 91 


Elemental High Purity Boron 

Preparation with Emphasis on 
Fused Salt Electrolytic Methods 
E. W. Fajans, U. S. Borax and Chen 


ical Corp., Anaheim, Calif 
No abstract received 


Abstract No. 92 
Fused Salt Electrorefining of 
Columbium Metal 
E. C. Hirakis and M. E. Sibert, Hor: 


zons Inc., 2891 E. 79 St.. Cleve 
land, Ohio 
Attempts to purify crude colun 
bium sponge by soluble anode elec- 
trolysis fused salt electrolytes 
are described. Since smal] ncen- 


ions of 


oxvgen are transported 


trolytically. The 


Is recovered as a crystalline px 


Abstract No. 93 
Electrorefining of Titanium 
B. C. Raynes, Horizons Inc., 2891 E 


79 St.. Cleveland, Ohio 


No abstract received 


Abstract No. 94 


The Hydrogen Method for the 
Preparation of High Purity 
Tungsten and Rhenium 
C. H. Toensing, Lamp Wire & Phos 

phors Dept., Lamp Div 


. General 


Electric Co., 21800 Tungsten Rd 
Cleveland 17, 
A brief review of the historica 


aspects of hydrogen reduction ap- 
plied to tungsten oxides with en 
phasis on purity as well as _ the 
chemical equilibra, the thermody 


namic properties and the kinetics 


of the reduction reactions are pre- 
sented. The application of these 
data to the commercial productior 
of pure tungsten metal powders 
along with process variables are 
discussed The technical methods 
currently emploved to produce pure 
rhenium metal powder are re- 


viewed 


Abstract No. 95 


Aqueous Methods for the Preparation 
of High Purity Metals 
G. B. Wood, National Bureau of 
Standards, Washington, D. C 

The preparation of high purity 
metals by electrorefining from aque- 
ous solutions is discussed. Specific 
cases where metals of high purity 
have been obtained by electrode 
position are reviewed, such as Cu, 
Fe, Cr, Ni, Ag, Au, etc. Reference 


: 
quantitatively to the it 1 the 
composition of the carbon reduced 
- sponge is regulated so that a smal] 
excess of carbon is present The 
crude anode material ther ntains 
ike a minimun f oxygen and a num- 
ber of contaminants including car- 
‘ bon which are not transported elec- 


105. No. 3 


made to high purity Al obtained 
organic solutions 


Abstract No. 96 

Preparation of Pur Chromium by a 
Vacuum Distillation Technique 

W. H. Smith and R. L. Hadley, Gen- 

eral Electric Co., Schenectady, 

N. Y., and Louisville, Ky., re- 

spectively 

Very high purity chromium was 

prepared by distillation 1 high 

vacuum. Alloys of Cr and Zr were 


prepared by arc melting, with Zr 
ontent ranging up to 10%. The Zr: 
is added to tie up oxygen, nitro- 
gen, sulfur, and carbon as non- 
volatile impurities. During the eva- 
poration of C1 from these alloys 
some reduction in metallic impuri- 
tiles was also ¢ flected he Cr de- 
posit btained had an average 
hardness of 100 VPN. Most deposits 
were brittle at room ten perature 


Abstract No. 97 


Metallurgy of Uranium Refining 
B. Blumenthal, Argonne National 
11] 


refining methods 


‘ i have been develo ped 
f three grades of uranium, eact 

ne a pecinc pur pose 

rac £ iraniu irradiated 


eta compounds olte 

t il Sait extraction bomt 
ictior ipor lecon sitior ar 

alt electrolysis are evaiu- 

1 vit? respect to the efficacy 

ne prepa t f a pure product 
The « ilu n is based on the ( 


imic considerations, experimen 
lata, and practical factors 
Abstract No. 98 


Phase Equilibrium Study of the 
System Na WO -Na CO -HO 


R. L. Pilloton and G. E. Crawley, Jr., 
Metals Research Labs.. Electro 
Metallurgical Co.. Division of 

Corp.. Niagara 

epresenting the binary 

35°C was cor isucted This curve 


e dihvdrate and decahvdrate of 


sodiun ungstate. There is a eu- 
tect ice Na Wo 10H.O at 7.5 ce 
point Na.WO.. 
2H.0O at 6.2°C, and 
point ice- 


transformation 


10H.O we wo 
metastabl eutectic 


Na WO..2H.O at —13°C 


Phase equilibria for the ternary 
vsten Na-CO -Na.WO,-H.O be- 
tween 8° and +35°C are repre- 
ented bv a tridimensional diagram. 
Polythe il ~=projections showing 
emperature contours and crvstal- 


ration paths are given. The regions 

stabilitv of the various salts are 

presented. Applications of the dia- 

gram for fractional crystallizations 
ire discussec 

Abstract No. 99 

Methods for Preparing Pure 
Scandium Oxide 
F. H. Spedding, J. E. Powell, A. H. 


Daane, M. A. Hiller, and W. H. 
Adams, Institute of Atomic Re- 
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search, 
Ames, lowa 


Iowa State College 
A review of the techniques fo! 
isolating scandium in a pure state 
is presented, including the newest ca- 
tion-exchange methods. These meth- 
ods include elution with ethlvene- 
diaminetetraacetate end N-hydroxy- 
ethylethyvlenediar. iacetate solu- 
tions and the use of copper and 
lead ions, respectively, as retaining 
ions which permit passage of scan- 
dium but retain rare earth ions. A 
new approach to opening thortve- 
itite ore by treating with an um 
ifluoride and reducing the ixed 
metal fluorides to the metaiie state 
with calcium is presented 


Abstract No. 100 


On the Measurement of the 
Temperatures of Unenclosed Objects 
by Radiation Methods 
A. Emslie and H. Blau, Arthur D 
Little, Inc... Cambridge, Mass 

Both relative and es tem- 
measurement ‘chniqu : 


lize emitted 


mon! 


application to the measure- 
the temperature f non- 


radiators. The accuracy of 


termined 
cai op 
tr at 


using a two-color, two- 
re pyrometer without re- 

to absolute 

even when the spectral emissiviti 


he sample is unknown 


measurement 


Abstract No. 101 
Therma! Conductivity Measurement 
in the Temperature Range 
1000° -3000°F 
and IL. B. Fieldhouse. 


our Research Foundation of 


ili nois Institute of Tec hnology 
Chicago Ill 


con 


ic material 
the temps rature range 1000 -3000 F 
The method is one of unidirectional 
t flow through a 6-34 in. dia- 
2 thick disk of the 
d between a heat 
at sink which als: 
serves as a calorimete r. The rate 
of heat flow Gann the disk is ob- 
tained by collecting and weighing 
the condensed vapor which results 
from the boiling of a liquid in the 
calorimeter. The energy required 
to produce boiling s transferred 
through the » the calorimeter 
from a Mo heater Te mperatur 
measurements are made with Pt-Pt 
10% Rh butt welded thermocouples 
Since numerous investigators have 
measured the thermal conductivity 
yf Armco iron and show good agree- 
ment, it was used to calibrate the 
equipment. As a result of this cali 
bration, the accuracy of the resu 
obtained by the method are t 
lieved to be within +2% 


Abstract No. 102 


Micro Furnace for Thermal 
Microscopy and Studies at 
High Temperatures 
W. A. Lambertson and G. Lewis. Re- 
search and Development Div 
The Carborundum Co., Niagara 

Falls, N. Y 


source 


A small laboratory furnace is 
described for use in microscopy 
and for determining chemical com- 
patibility, wetting, sintering, and 
temperatures of apparent melting 
up to 3000°C (5430°F). The furnac« 
shell is a water-cooled, 5-in. copper 
tee and is of such construction as to 
afford a controlled atmosphere 
Water-cooled electrodes are de- 
signed to hold refractory metal 
strip heaters (either plain or with 
a wedge for better black body con- 
ditions) or special machined graph- 
ite heaters. Stepless power input 
is provided by a variac-controlled, 
saturable core reactor 


Abstract No. 103 


Water-Stabilized Arc Tests on 
Nonmetallic Materials 
M. Dank, R. A. Nelson, W. R. Sheri- 

dan, and W. H. Sutton, Missiles 
and Ordnance Systems Dept., 
General Electric Co., Philadel- 
phia, Pa 

Preliminary evaluation of ero- 

on rates on possible high 


i temper- 
ature resistant materials have been 
carried out in a _ water-stabilized 
are. General classes of materials 
tested clude graphites and im- 


pregni ited graphites; ceramics, prin- 
cipal lly oxlaes; plasti ec-ceramic com- 
posites; and 


reinforced ceramics 
on f 


erosion rates as 

of power dissipated in 

na time are given and a 


ranking of these materials 
temperature use is discussed 


Abstract No. 104 


Rigidity Relaxation in Recrystallized 
Tungsten Wires at Elevated 
Temperatures 
I. Berlec, Lamp Development Dept 
General Electric Co., Cleveland, 

Ohio 


ina le 

Rigidity relaxation of recrvstal- 
lized tungsten filaments has been 
measured as a function er- 


ature and grain structu ‘paseo - 
ments were pe whoa on various 


commercial grades of tungsten 1 
the temperature § range between 


1000° and 3000°K. The apparatus is 
essentially a torsion pendulum 
erated in vacuum. The specimen 
der study is used as the s uspens on 
and is heated by its own ’ 


Abstract No. 105 

Strength of Titanium at 1300°-1600°C 

E. Scala, Avco Corp.. Lawrence. 
Mass 

Stress rupture data has been ob- 

tained for titanium at the nominal 

temperatures of 1300°, 1500°, and 


1600°C. A linear relationship of log 
time vs. log stress was obtained for 
three different grades of alloved 


inz 
titanium; 
0.137% and 
Foote 
the original 
lower the stress rupture 
slope of log time vs. log stress, 
however, remains essentially the 
same for all three grades of titanium 
at the three test temperatures. The 
equipment and techniques were 


namely, RC-5: with 

0.053 ° oxygen and 
iodide titanium. The lower 
impurity content, the 
values. The 


established for operating creep and 
stress rupture tests at temperatures 
above 1500°C for materials affected 
by the absorption of oxygen, nitro- 
gen, and carbon. 


Vol. 51C : 
aiscusse¢ f 
ment 
Dania 
the various techniques Is 
both under ideal and pra Ne 
ura ana lig purity ira im 
vacuum melting, liquidation, ne are 
dat rivatior formatior Penera 
— 
t 
mining thermal] af 
ni activ f 
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Abstract No. 106 
The Activities of Refractory Metal 
Alloy Systems 
Rudolph Speiser and George St. 
Pierre, Dept. of Metallurgical 
Engrg., Ohio State University, 
Columbus, Ohio 
Under favorable circumstances 
the activities of the components of 
refractory metal alloy systems can 
be ascertained from the composi- 
tion of the vapor effusing from the 
Knudsen cell containing the alloy 
It can be shown that the absolute 
partial pressures need not be de- 
termined if sufficient experimental 
data are obtained to make a satis- 
factory extrapolation of the data 
to the pure component. This method 
can be used to determine the phas« 
ilagram of an n-ary alloy 


svsten 


Abstract No. 107 


Vapor Pressure of Columbium 
De pt of Metallu: 
Ohio State Univer 
us, Ohio, Paul Black- 
I Research 
a irgh Pa.. and Her- 
rick Johnston, Herrick Johnston 
Associates, Columb Ohio 
No abstract 1 


Abstract No. 108 


Contributions of Zone Melting to 
High Purity Materials 


F. H. Horn, Research Lab., General 
Electric Co., Schenectady, N. Y 
No abstract received 


Abstract No. 109 


Application of the Floating Zone 
Technique to Metals 
R. L. Smith, J. L. Rutherford, and 
M. Herman, The Franklin Insti 
tute Labs. for Research and Ds 
velopment, Philadelphia 3, Pa 
ipplication of the floating 
thod of purification to some 
reactive metals is discussed 
of RF melting in which the 
coil is placed either 
outside of the pr 
described. The advant- 
sadvantages of purifying 
ng or in an inert atmos- 
1 a vacuum are dis- 
The results of 
prope rties of zone 


and Zr are presented 


i 
some me- 


refined 


Abstract No. 110 


Tungsten Zone Melting by 
Electron Bombardment 
R. G. Carlson, General Electric Co 
Cleveland, Ohio 

An apparatus for refining tung- 
ten by the floating zone metho 

described. It consists of four con 
ponents vacuum system, power! 
upply, cathode traversal assembly 
ind anode support. Power require- 
ments for melting % in. diameter 
ods are found to be in the order of 
500 w. As many as ten passes at 
different rates of travel have been 
made. Tungsten rods that are re- 
fined by this techique have rela- 
tively high ductility at room tem- 
perature, as determined bv tensile 
and bend tests, and are of very high 
purity 


Abstract No. 111 


Techniques and Results of Zone 
Refining Some Metals and 
Semiconducting Compounds 


J. H. Wernick, K. E. Benson, D. Dorsi, 
and J. J. Gillich, Bell Telephone 
Labs., Inc., Murray Hill, N. J 


Techniques and results for zone 
refining Ag, Al, Sb, Au, Cu, Ni, Ti, 
V. and ternary semiconducting com- 
pounds are given. Boat and floating 
zone methods are discussed. 


Abstract No. 112 


Continuous Multistage Zone Melting 
of Silicon Tetraiodide 

G. H. Moates and B. Rubin, Air Force 

Cambridge Research Center, 

Bedford, Mass 

A continuous multistage 

tus which separates purified and 

impurity-enriched silicon tetra- 

odide into separate receivers has 

n constructed. The continuous 

ion of this apparatus is based 

introduction of voids which 

the length of the enriching 

stripping arms and which are 

in as they reach a reservoir 

iesign characteristics are based 

he segregation coefficients of the 

urities in the silicon tetraiodide 

length of the molten zon the 

voids, and the length 


appara- 


arms 


Abstract No. 113 


Principles and Application of the 
lodide Process 
A. C. Loonam, 70 E. 45th St.. New 
York 17, N. Y¥ 
The origin of the process, 
levelopment, and the elements 
h it has been applied 
wed; some of the funda 
nethods of operation are 


Abstract No. 114 


The lodide Process for High Purity 
Silicon Preparation 
F. B. Litton, Research and Develop- 
ment Labs., Foote Mineral Co., 
Berwyn, Pa 
No abstract received) 


Abstract No. 115 


Some Aspects of the Decomposition 
of Silicon Tetraiodide 

A. F. Armington and B. Rubin, Air 
Force Cambridge Research Cen- 

ter, Bedford, Mass 
Siheon tetraiodide has been de- 
composed to silicon and iodine in 
with deposition on a single- 
crystal silicon substrate heated in 
iuctively. Effects of rate of passage 
of the vapor, vapor pressure of the 
iodide and temperature of the 
substrate have been studied and 
results have been correlated with 
vield of silicon and rate of deposi- 


tion 


racuo 


Abstract No. 116 


Zirconium Coating of Uranium by 
the lodide Process 
W. L. Robb, Knolls Atomic Power 
Laboratory, Schenectady, N. Y 
(Present address: Research Lab.. 
General Electric Co., Schenec- 
tady, N. Y.) 
A method for coating uranium 
metal with a bonded layer of crys- 
talline zirconium metal has been 
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developed. It consists of thermally 
decomposing Zrl, vapors on the sur- 
face of uranium metal heated to 
about 1100°C in a good vacuum 
Prior to coating, the uranium metal 
surface is cleaned by iodiding it. In 
this way a diffusion bond between 
the uranium and zirconium is ob- 
tained. Several methods for im- 
proving the bond and reducing the 
porosity of the crystalline zirconiun 
coating are also reported 


Abstract No. 117 


High Purity Silicon from 
Silicon Tetraiodide 
Purified by Solvent Recrystallization 
and Distillation 
L. V. McCarty, Lamp Development 
Dept.. General Electric Co. 
Cleveland, Ohio 


This paper deals with the elec- 
trical properties of silicon prepared 
from silicon tetraiodide purified by 
recrystallization from 
distillation in an all-quartz column 
and by a combination of the tw 
techniques. The silicon was depos- 
ited on hot tantalum or quartz at 
reduced pressure, and sing] 
prepared 
bles. Portions of the 


solvents bs 


git 

tals were quartz cruc 

better samples 


correspond 


Abstract No. 118 


Plating of Tungsten with Titanium 
and Zirconium by the 
Van Arkel-de Boer Process 
H. T. Stephenson, Strong-Cobb Co 
Cleveland, Ohio 
(No abstract received 


Abstract No. 119 
High Purity Crystalline Boron 
D. R. Stern and Lahmer Lynds, 
American Potash & Chemical 
Corp., Whittier, Calif 
Vapor phase reduction 
trichloride with hydrogen 
trically heated filaments in flow 
systems was investigated as a po- 
tential method for the preparatior 
of high purity Massive de- 
posits of crystalline boron analyzing 
as high as 99.6% bv direct chemical 
analyses were obtained. Purity of 
boron appeared to be a function of 
both filament diffusion and boron 
trichloride purity. Titanium fila- 
ments were found to be most - 
factory, since contamination due t 
titanium could be removed by 
chlorination at 300°C. X-ray diffrac- 
tion studies indicated that titaniun 
existed in solid solution with boron 
rather than as a_ boride 


boron 


INDUSTRIAL 
ELECTROLYTIC 


Abstract No. 120 


Electrodeposition of Adherent 
Titanium Coatings on Induction 
Heated Cathodes in Fused Salts 
J. G. Wurm, B. J. Fortin, L. Gravel, 
and R. J. A. Potvin, Laval Uni- 
versity, Quebec, Que., Canada 
A new electrolytic method for the 
deposition of adherent coatings of 
titanium on steel cathodes is des- 
cribed. The procedure involves the 
use of fused alkali-halide baths com- 


to a minimum of five to seventeen 
| boron atoms per ten billion silicon 
of the 7! atoms 
Fe. 7), 
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posed of eutectic mixtures of lith- 
ium, potassium or sodium iodides, 
bromides, chlorides, and fluorides. 
with a high frequency heated cath- 
ode and a soluble titanium anode 
The bath composed of KI-KF per- 
formed best and deposited a very 
smooth and uniform titanium coat- 
ing. Conversely, the — composed 
of KI-Nal and Tik (2-5%) yieldea 
pure dendritic Ti and is therefore 
considered more suitable for an 
electrorefining process. Equipment 
and operating conditions are des- 
cribed and the microstructure of the 
coating produced is reported. A 
series of decomposition § voltage 
curves are included and discussed, 
and the mechanism of the electro- 
Ivtic reactions is studied in detail 


Abstract No. 121 


Refining of Titanium Scrap by 
Fluoride Electrolysis 
S. Carlton and B. C. Raynes, Hor: 
zons Inc., Cleveland 4, Ohio 
The electrolytic recovery and 
purification of unalloyed titanium 
scrap by a semicontinuous operation 
is described. The process employs 
titanium scrap or off-grade primary 
metal as the soluble anode in an 
electrolytic cell containing a fused 
electrolyte of K.TiF, in NaCl. Inter- 
stitial and metallic impurities re- 
main as an inactive sludge and re- 
titanium is cathodically de- 
posited as crystalline powder. Re- 
nned titanium with as-cast hardness 
of 80 Brinell has been produced in 
a pilot operation carried out at Hori- 
zons Inc. 
Abstract No. 122 


Report of the Chlor-Alkali Committee 
of the Industrial Electrolytic Division 
for the Year 1957 
J. C. Cole, Diamond Alkali Co., 

Cleveland, Ohio, and R. B. Mac- 
Mullin, R. B. MacMullin Asso- 
ciates, Niagara Falls, N. Y. 
Production facilities for chlorine 
and alkali are reviewed with indi- 
cations of market and end use pat- 
terns. New plants and expansions 
during the year and technical and 
outstanding commercial develop 
ments are noted 


Abstract No. 123 
Effect of Gas Evolution on Current 
Distribution and Cel! Resistance 
C. W. Tobias, Dept. of Chemical 
Engrg., University of California, 
Berkeley, Calif 
It is known thet when gaseous 
products are liberated at one or 
both electrodes of an electrolytic 
cell the effective resistance of elec- 
trolyte is larger than in the gas- 
free cell, and the volume concen- 
tration of gas generally increases 
in the direction of flow of gas. The 
resulting variation in effective con- 
ductance can cause nonuniform dis- 
tribution of current density. Using a 


simple parallel vertical electrode 
arrangement as a — theoreti- 
cal predictions are made for gas 


holdup in the cell wa current dis- 
tribution along the electrodes 


Abstract No. 124 


Investigations on the Structure of 
the Color Compound in Caustic 
Wawzonek and D. S. P. Eftax, 

Dept. of Chemistry, State Uni- 

versity of Iowa, Iowa City, Iowa 
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The material isolated by 
from stubs of graphite anodes used 
in chlorine-caustic soda cells and 
shown by him to give the color in 
concentrated caustic soda has been 


Helle: 


reinvestigated. An extract from the 
stubs after treatment wit nitric 
acid was found to consist of mellitic 
acid, pentacarboxychlorobenzene, a 
tetracarboxychlorobenzene of un- 
known configuration, and material 
of unknown structure which is the 
source of the color. The acids were 
formed during the treatment with 
nitric acid. The color forming ma- 
erial seems to be of high molecula 
weight and structurally more com- 
plex than proposed by Heller 


THEORETICAL 
ELECTROCHEMISTRY 


Abstract No. 125 


Relative Rates of Electromigration 
of Different Ions of the Same Charge 
across Permselective Membranes 
Rex Neihof, Ruth McClintock, and 
Karl Soliner, Lab. of Physical 
Biology, National Institute of 
Arthritis and Metabolic Diseases 
National Institutes of Health, 
Public Health Service, Bethesda 
Md 
The theory of polyionic pote 
permits the prediction of the 
of the f electromigration 
across permselective m embranes of 
any two species of critical ions 
coexisting in solution. These 
are calculated from the 
potentials arising with the same 
pair of ions across the same mem- 
brane. This prediction was approxi- 
mately confirmed in experiments 
with various combinations of critical 


ntlals 
ratios 


rates ol 


ratios 


D1-10n 


ions in systems with cation selective 
and with anion selective membranes 


Abstract No. 126 


Improved Protamine Collodion 
Membranes of Extreme Ionic 
Selectivity 
Mare Lewis and Karl Solliner, Lab 

of Physical Biology, National In- 
stitute of Arthritic and Meta- 
bolic Diseases, National Insti- 
tutes of Health, Public Health 
Service, Bethesda, Md 
The use of purified 
makes possible the ep of 
permselective protamine collodion 
membranes of extreme lenis selecti- 
vity, the anion permeabilities in 
0.1N KCl being 300-500 times 
greater than the cation permeabili- 
ties, and 4,000-11,000 times greater 
in O0.01N_ solution Concentration 
potentials across these membranes 
agree with the calculated maximum 
potentials in potassium chloride 
cells up to 0.1N/0.05N within the 
meaningfulness of the method. 


protamine 


Abstract No. 127 


Transport Processes in Ionic 
Membranes 
K. S. Spiegler, Gulf Research & De- 
velopment Co., Pittsburgh, Pa. 
A simple molecular model repre- 
senting an ion-exchange membrane 
in equilibrium with a salt solution 
is described. The transport processes 
caused by pressure, electrical, and 
osmotic forces are computed in 
terms of the volume concentrations 


ot ions, water, and solid, and certain 
“friction coefficients” between these 
components. This analysis suggests 
approximations which reduce the 
number of the experiments needed 
for describing the transport proper- 
ties of the membrane. Some applica- 
tions of the theory are illustrated 


Abstract No. 128 


Transport in Ion-Selective 
Membranes 
M. A. Peterson and H. P. Gregor, 
Dept. of Chemistry, Polytechnic 
Institute of Brooklyn, Brooklyn. 
The exchange and transport of 
gegenions and of nebenions (ex- 
cluded ions) in ion-selective mem- 
branes was measured as a function 
solution phase concentration, 


stirring at the membrane interface, 


and applied current density. From 
these results the thickness of the 
rr film and diffusion coeffi- 
ionic species were calcu- 


The boundary conditions 
lefi film, membrane, or 
ibrane transport 
control- 


veiling rate 
were determined 


Abstract No. 129 
Transport against the Chemical or 
Electrochemical Gradient in 
Charged Porous Membranes 
Richard Schlogl, Max-Planck- — stitut 
fur Physikalische Chen Bun- 
senstr. 10, Goettingen, Germans 


Investigations on membranes of 


ion exchange material have shown 
that the essential types of transport 
mechanism are: diffusion, convec- 


tion, and 


+ 
ah, 


transference A 
quantitative treatment of a simple 
membrane model confirms the 
empirical laws governing negative 
and anomalous positive osmosis. It 
] possible to construct a 
working model based on these _— 
mechanisms which imitates the con- 
centration of K” and dilution of ‘Na 
in living cells compared with the 
surrounding body fluid. The 
of free energy required fo 
stationary state of 
is the continuous production of an 


acid within the cell 


lectrical 


Is aisoO 


this 


Abstract No. 130 


Membrane Potentials in Isothermal 
and Nonisothermal Systems; 
A Detailed Investigation of a 
Single Membrane System 


G. J. Hills and P. W. M. Jacobs, Dept 
of Chemistry, Imperial College 
of Science and Technology, Im- 
perial Institute Rd., London, 
S. W. 7, England 
Results are presented of measure- 
ments of a number of interrelated 
properties of a single membrane 
system, cross-linked polymethacrylic 
acid. The properties include ionic 
and solvent transport numbers, 
isothermal and nonisothermal mem- 
brane potentials, ionic self-diffusion 
coefficients, and ionic conductances 
for a number of alkali metal 
counter-ions. These observations are 
correlated and interpreted in terms 
of both classical theory and the 
thermodynamics of irreversible pro- 
cesses 


3 53¢ 
| 
lated 
which 
coupled 
mech 
ling 
| 
Ss 


Abstract No. 131 


Electro-Osmosis and Electro-Convec- 

tion in lonic Membranes; Relation 

between Electro-Osmotic Transport, 
lonic Conduction, Ionic Self- 
Diffusion, and the Degree of 

Counter-lIon Solvation 

G. J. Hills and P. W. M. Jacobs, Dept 
of Chemistry, Imperial College 
of Science and Tec hnology Im- 
perial Institute Rd. London 
S.W. 7, England 

Accurate measurements of the 
electro-osmotit transport through a 


number of membranes have beer 
made as a function of ion-type and 
of current density The limiting 
equivalent electro-osmotic flow is 


discussed in terms of the difference 
between the two derived mobilities 
and the probable degree of counter- 
ion solvatior 
Abstract No. 132 
Phenomenological Electrochemistry 
of Membranes 
George Scatchard, Massachusetts In 
stitute of Technology, Cambridge 
39, Mass 


The electrochemical study of mem- 


branes, particularly of physiological 
membranes, has been seriously ham- 
pered by the ise of unrealist 
models such as right-circular-cvlin- 
irical pores. An important contribu- 
tior of the thermodynamic: f 
irreversible processes is to show 
hat paran eters can be determined 
ch measurements are most 

able for determini ng them. To 

be useful the iption must be 
ple. Most living membranes must 

be studied through over-all transport 
properties Syntheti membranes 
ma as models for which 


ipping is possible 
Abstract No. 133 
Streaming Potentials of Corundum 
in Organic Electrolyte Solutions 
H. J. Modi and D. W. Fuerstenau, 
Dept. of Metallurgy, Massachu- 


setts Institute of Technology, 


detaile d 


12-carbon 
ni Surtace-ac tive 
compounds on the zeta potential of 
corundum at different PH values hos 
streaming 


been evaluated 


g 
potential measurements These 
measurements, made under condi- 
tions of both positive and negative 
urtace cnarge indicate that long- 
chained ions are adsorbed apprecia 
DiV Only when the solid and organk 
ions are oppositely charged. An ad- 
sorption mechanism involving elec- 


trostatic attraction and hydrocarbon 


discussed 


Abstract No. 134 


Interpretations of Experimental 
Donnan Equilibria Obtained 
with Polyphosphates 
U. P. Strauss. School of Chemistry, 

Rutgers, The State University, 
New Brunswick, N. J 
The distribution of 
across a semipermeable membrane 
has been measured for long-chain 
polyphosphates in aqueous solutions 
of lithium, sodium, potassium, and 


chain association is 


electrolyte 


tetramethylammonium bromide. The 
onal 
results in 

degree of ionization, a, 


interpretation of the 
terms of an_ effective 
leads to an 


convent 
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increase of a with increasing electro- 
lyte concentration. A more satis- 
factory interpretation is obtained by 
considering the Donnan equilibrium 
as arising from the volume excluded 
by the polyelectrolyte 


Abstract No. 135 


Direct Determination of Adsorption 
of Organic Molecules at 

Solid Electrodes 

B. E. Conway and R. G. 

University of Ottawa, 
Canada 

The necessity for development of 

a thermodynamically rigorous 

method for determination of adsorp- 


tion of ions and i 


Barradas, 
Ottawa 2 


olecul les at a 
electrodes is stressed. For molecules 
which absorb in a convenient spec- 
tral region, adsorption may be 
followed directly under thermody- 
namically reversible conditions at 
solid electrodes in a ee in which 

bsorbance and potent! measure- 
ments are nade sim ly 

T 


Results obtained with benzacridine 


acridi inoline, pyridine, poly-4- 
viny ne, and their quaternary 
ons at Ag, Cu, and Ni, electrodes 


Abstract No. 136 


Electrokinetic Measurements on 
Stainless Steel Capillaries 
B. Levy and A. R. Fritsch, Radiation 
& Nucleonics Lab Materials 
Engineering Dept., Westinghouse 
Electric Corp., East Pittsburgh 
Pa 


Electrokineti potentials of stain- 
less stee 1 HCl, H.SO,, and K.Cr,.O 
solutions have been measured by 
tne streaming current technique 
Negative zeta potentials are ob- 


tained in H.O and in low acid con- 
centrations. The isoelectric acid con- 
centrations occur between 10 and 
10°N At higher concentra 

positive potentials are obtained 
K.Cr.O, adsorbs irreversibly at its 
isoelectric concentration of 10°M as 
evidenced by the inability of water 
return the sample to its 
gative zeta potential 


Abstract No. 137 
Surface Conductance of Clays 
H. van Olphen, Exploration and Pro- 
duction Research Div., Shell De 
velopment Co. 3737 Bellaire 
Blvd., Houston 25, Texas 
On the basis of a particle network 
picture, the specific surface conduc- 
tance of a clay may be calculated 
from the conductance of the clay 
gel. Since the charge density is 
known, the ion mobility parallel to 
the surface may be calculated. From 
particle interaction studies, it has 
concluded that the counter 
strongly adsorbed. Never- 
theless, the surface mobility of the 
ions is relatively high, indicating a 
small barrier for lateral movement 
of the ions 


tions 


wasning to 


iginai ne 


been 


ions are 


Abstract No. 138 


Membrane Phenomena in Applied 
Geophysics 
M. Gondouin, Schlumberger Well 
Surveying Corp., Ridgefield, 
Conn 
Natural membrane potentials and 
electrokinetic phenomena play an 
important role in oil exploration. 
These potentials observed in wells 
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filled with mud result from the ion 
exchange properties of clays in 
shales and muds. From laboratory 
results an approximate expression 


for the shale membrane potential 
with mixed electrolytes is derived 
using simplifying assumptions. Data 


on shale electroki netic properties 
are given and related to ionic trans- 
port numbers Dependenc« of shale 
conductivity on 


polarization effects are discussed 


Abstract No. 139 
Influence of Firing Conditions, 
Composition, and Screening Media 
on the Zeta Potentials of ZnS 
Phosphors as Related to Adherence 
to Glass Surfaces 


frequency and 


B. Levy, Electron Tube Div., Radio 
Corpor: ation of America Lan 
caster, Pa Present Address 


Radiation and Nucleonics Lab 
Materials Engrg. Dept 
inghouse Electric 
Pittsburgh, Pa 
Zeta potentials of ZnS phosphor 


were ietermined the streaming 
potential tec nMnique as a ftunctior 
firing conditions, flu activatior 
phosphor coating, and 

centration of screer 


positive or negative 


coating Certain firin 


creasing 


positive zeta potentials has 
been noted 
Abstract No. 140 
The Electrokinetic Potential and 
Some Surface Tension Phenomena 
L. B. Robinson, Ramo-Wooldridg: 
Corp., P.O. Box 45144 i 
Station, Los Angeles 45, Calif 


“he Onsager-Samaras theory 
(without adjustable constants 
allows one to calculate the surface 
tension of an aqueous elect te 
solution as a function of concentra 
tion. It predicts that an electrolyte 
added to l ease the 
surlace easure- 


decrease ana a minimun in ine 

surface tension-concentration wave 

Theory and experiment can be re- 
conciled by taking the electrokinetic 
ffects into account 


Abstract No. 141 
Overvoltage and Catalysis 
Paul Ruetschi, Research Dept., The 
Electric Storage Battery Co., 
Philadelphia, Pa 
Rate equations describing _ the 
kinetics of electrode reactions have 
hitherto been formulated without 
taking into account the activity of 
intermediate species on the electrode 
surface. The interaction of adsorbed 
species is shown to be of importance 
on overvoltage characteristics. Ad- 


sorbed species induce a_ contact 
potential change proportional to 
their concentration which is ac 


companied by a_ corresponding 
change in adsorption energy. The 
meaning of exchange currents is 
discussed and the rate equations are 
reformulated The’ electronic or 
catalytic properties of the electrode 
material are reflected in these rate 
equations. 


potentials are 
ot on the type of 
change the sigr f the zeta potential 
In all of these experiments a trend 
toward enhanced wet adherence 
ASS 
ments of the surf tension by the 
car i rise ! th i ve ! nitia!l 
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Abstract No. 142 


Cathodic and Anodic Properties of 
Chlorine on Carbon and Graphite 
Surfaces* 

John Aylward, Ernest Yeager, and 
Frank Hovorka, Dept. of Chem- 
istry, Western Reserve Univer- 
sity, Cleveland, Ohio 

The cathodic and anodic polariza- 
tion of the chlorine electrode have 
been measured on graphite and car- 
bon surfaces in HCl solutions satu- 
rated with chlorine gas. Mechanisms 
for the anodic and cathodik processes 
are proposed on the basis of the 
experimentally determined Tafel 
slopes and the stoichiometric number 
calculated from polarization meas- 
urements at low current densities 

The mechanism of the anodic process 

appears to be complex as indicated 

by a change in the Tafel slope with 
changing HCl concentration 


* Rese supported by the Office of Nava 
nt t Nonr 581/00 


Abstract No. 143 
Electrode Potentials of 
Titanium-Oxygen Alloys 
R. S. Dean, 1. Hornstein, and W. W. 
Gullett, Chicago Development 
Corp., Riverdale, Md 


The value of electrode potentials 
of titanium-oxygen alloys as meas- 

i against standard titanium 
samples in molten salt electrolytes 
have a definite relation to the oxygen 
content of the alloy. The smooth 
relationship between emf and oxy- 
gen content in the beta phase indi- 
cates that the technique may be 
used to determine oxygen contents 
of alloys containing less than 0.15% 
oxygen The effects of alloying 
elements and impurities on the emf 
measurements have also been in- 
vestigated 


Rese inder 


Abstract No. 144 


Mechanisms of Hydrogen-Producing 
Reactions on Palladium, V. The 
Deuterium-Palladium System 
Sigmund Schuldiner and J. P. Hoare, 

Naval Research Laboratory, 
Washington, D. C 
Anodic and cathodic polarization 
curves for the a-D-Pd system were 
determined on a Pd _ bi-electrode 
The experimental equilibrium poten- 
tial of the (Pd-D)./D° electrode 
was found to be 0.029 + 0.001 v 
The rate (-di/dr of the over-all 
deuterium-producing reaction on an 
a-Pd-D electrode surface in the 
linear » vs. i region was found to be 
about one-half that of the hydrogen- 
producing reaction on a-Pd-H. At 
constant overvoltage, the rate of 
diffusion of hydrogen through the 
bi-electrode ranged from 2.2 to 1.06 
times faster than deuterium, de- 
pending on the polarizing current 
densitv. It was also found that at 
low current densities 90% of the 
deuterium formed on the cathode 
side diffused through the bi-electrode 
and was ionized on the anode side 
For a 8-deuterium-palladium cath- 
ode-diaphragm, it was shown that 
the reaction mechanisms were the 
same as for a s-hydrogen-palladium 
diaphragm. A calculation was made 
which showed that, at a given atomic 
concentration gradient, the rate of 
diffusion of hydrogen through a s-Pd 
diaphragm was 2 times faster 
than that of deuterium. 
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Abstract No. 145 


Double Layer Structure and 
Electrode Processes, I. Salt Effect 


Manfred Breiter, Marcos Kleiner- 
man, and Pau! Delahay, Dept. of 
Chemistry, Louisiana State Uni- 
versity, Baton Rouge, La 

Ideas originally advanced by 
Frumkin and co-workers on the 
effect of the double layer structure 
on electrode processes are applied 
and extended to the following prob- 
lems: (a) influence of foreign salts 
on the exchange current for slow 
and fast reactions; (b) complications 
resulting from control of ionic 
strength rather than ionic charges; 
(c) possible error in the determina- 
transfer coefficients for 
reactions occurring near the point 
of zero charge. Detailed experimental 
results are presented 
Abstract No. 146 
Double Layer Structure and 

Electrode Processes, Il. Discharge of 
Certain Metallic Complexes 

Paul Delahay and Carl Weis, Dept 
of Chemistry, Louisiana State 
University, Baton Rouge, La 


tion of 


Experimental determination of 
kinetic data by electrochemical 


relaxation methods for chemical 
reactions coupled with electrochem- 
ical reactions is affected by the 
double layer structure when ions 
having charges of the same sign 
are involved. Correction can be 
made when ti hemical reaction 
occurs essentially in a layer which 
is appreciably thinner than _ the 
diffuse double layer. The effect of 
foreign salts on kinetic data can 
then be interpreted quantitatively 
Experimental data are presented 
for the study of the reduction of 
several complexes by the current- 
step (galvanostatic) method 


Abstract No. 147 


Schlieren Studies of Concentration 
Gradients at a Cu/HCI Anode 

R. S. Cooper, University of Illinois, 
Urbana, Ill. (Present Address 
University of California, Los 
Alamos Scientific Lab., Los 
Alamos, N. Mex.) 

Schlieren optical techniques were 
applied to the study of the anolyte 
at a Cu/HCl anode during current 
transients. Both the space and time 
dependence of the concentration 
gradients were observed quantita- 
tively and correlated to the electro- 
chemical processes occurring at the 
anode. The development and relative 
importance of ionic diffusion and 
natural as means of mass transport 
was studied under various con- 
ditions 


Abstract No. 148 


The Nature of the Current Flow at 
or Between Cylindrical Electrodes* 
R. D. Barnard and S. M. Skinner, 

Case Institute of Technology, 
Cleveland 6, Ohio 
Solid-state thermodynamic equa- 
tions of electrical current flow of the 
majority carrier in nonmetallic ma- 
terials are solved in cylindrical co- 
ordinates for the case in which ex- 
ternal potential is applied to the 
electrodes. Current, charge trans- 
fer at boundary, and inner poten- 
tial are dependent both on the na- 
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ture and separation of electrodes 
and on the electrode curvature. Cur- 
rent is nonlinear with voltage, and 
rectification is possible. Mechanical 
and electrical quantities related to 
the current are considered. 

* With the support f the Office of Ord- 


nance Researct 
Abstract No. 149 


Electromotive Force Measurements 
in Cerium-Cerium Chloride 
Liquid Systems 
S. Senderoff and G. W. Mellors, 

Chemistry Div., Research Labs., 
National Carbon Corp., A Divi- 
sion of Union Carbide Corp., 
P.O. Box 6116, Cleveland 1, Ohio 
The emf of the cell Ce CeCl,(1-x) 
Ce(xr) CeClhL Cl, (graphite) has 
been measured over a temperature 
range from the melting point of 
CeCl, to about 950°C. Preliminary 
conductance measurements indicate 
that the saturated solution of ceriun 
in cerium chloride is an ionic con- 
ductor. The potential results indi- 
cate the presence of a subhalide, 
Ce’[CeCL]>, in which both mono- 
valent and trivalent cerium exist 
Further, it is suggested that ceriun 
chloride may exist in a highly as- 
sociated state in which the follow- 
ing formula may represent the dom- 
inant species, viz., 
The addition of cerium to this sys- 
tem may result in the reduction of 
the less highly complexed cation as 
follows 


+ 3/2 [Ce*Cl 
n the course of the work a “1 
sible chlorine electrode, satisfac 
tory at temperatures up to 950°C 
was de veloped 


re 
- 


i 


Abstract No. 150 


Activities of NiCl, from EMF 
Measurements in Molten LiCI-KCl 
R. D. Walker, Jr., and D. E. Danly, 
Dept. of Chemical Engrg., Uni- 
versity of Florida, Gainesville, 
Fla 
Activities of NiChL d 
fused LiC]-KCl have bee 
from emf measureme 
perature range 500°- C. Activity 
coefficients based on standard 
state of pure liquid NiCl. increas« 
with both temperature and solute 
concentration, and indicate strong 
complexing of NiCl.. Emf and x-ray 
evidence indicate that the solid 
separating from a melt of LiCl-KC]l- 
NiCl, differs from the original com- 
ponents; the compound K.NiCl, is 
postulated 


issolved in 
een estunated 
nts in the tem- 
0 


r 


Abstract No. 151 


Electropolishing Silicon in 
Hydrofiuoric Acid Solutions 
D. R. Turner, Bel! Telephone Labs., 
Inc., Murray Hill, N. J 
Silicon is electropolished in HF 
solutions if a critical current den- 
sity is exceeded. Below the critical 
c.d., Si dissolution is largely diva- 
lent and a thick solid layer forms 
This film is unstable and reacts 
slowly with the electrolyte to forn 
tetravalent Si and H:. In the electro- 
polishing region, Si dissolution is 
mainly tetravalent with the forma- 
tion of a very thin high resistance 
type of film. Experimental results 
on the effect of HF concentration 
and temperature indicate that elec- 


‘ 
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tropolishing begins when the HF 
concentration at the Si becomes 
diffusion limited. 


Abstract No. 152 


Thermodynamics of Electron 

Atmospheres at Interfaces* 
S. M. Skinner, Case Institute of 

Technology, Cleveland 6, Ohio 

The thermodynamics of the final 

charge equilibrium at the inter 
face between two different mater- 
ials is discussed in terms of the 
chemical and electrical properties 
if the materials. The kinetics of the 
attainment of equilibrium is 
veloped, and a number of practical 
applications are treated in detail, 
including the charging of dielectric 
and polymer surfaces, destaticiza- 
tion, and charge transfer during fric- 
tional sliding contact 


Abstract No. 153 


Codeposition of Nickel and Hydrogen 
from Simple Aqueous Solutions 
John Yeager, (Present address: Na- 

tional Carbon Research Labs 
Parma Ohio), J. P. Cels, (Pres- 
sent address: The Kemet Co., 
Cleveland, Ohio), Ernest Yeager, 
and Frank Hovorka, Dept. of 
Chemistry, Western Reserve 
University, Cleveland, Ohio 
The codeposition of nickel and 
hydrogen has been studied in chlo- 
ride and sulfate solutions and the 
individual polarization curves de- 
termined. Nickel polarization has a 
Tafel slope of 0.10 and is indepen- 
dent of pH and anion type at con- 
stant nickel ion activity. Hydrogen 
overvoltage at constant pH inde- 
pendent of anion type with a Tafel 
slope of 0.12. Hydrogen and nickel 
deposition exhibit no appreciable 
interdependence. Nickel 


data are explained in terms of the 
transfer of a nickel ion from the 
solution across an unsymmetrical 
potential energy barrier to the 
metal phase 


Abstract No. 154 


Effect of Addition Agents on 
Tungsten Codeposition 
J.S. Sallo and R. D. Fisher, Research 
Div., National Cash Register Co., 
Dayton 9, Ohio 
Trace amounts of certain 
pounds containing the func- 
tional group prevent the codepo- 
sition of tungsten with Fe, Ni, or 
Co. Results indicate that the addi- 
tion agents act through a complex- 
ation mechanism. The structure of 
the nickel-tungsten deposit, as de- 
termined by x-ray diffraction, does 
not agree with the structure pre- 
dicted by the catalytic reduction 
mechanism of codeposition. Both the 
x-ray data and the prevention 
codeposition can be explained by 
either a complexation mechanism of 
code position or by a modified forn 
of the catalytic reduction mechan- 


sm 


com- 


Abstract No. 155 

Anodic Oxidation of Zinc and a 

Method of Altering the 
Characteristics of the Anodic Films 
H. Fry and Marjorie Whitaker, Brit- 
ish Non-Ferrous Metals Research 
Assoc., Euston St.. London N. W 
1, England 

Preliminary work on anodizing 
zine in a variety of alkaline solu- 
tions led to some smooth white or 
gray films. A detailed study was 
anodic oxidation of 
1c alloys in one elec- 
results of which sug- 
ilarities but also some dif- 
etween anodic films on 


mn Zn. Autoclaving in sili- 
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cate solutions improved the resis 

tance to corrosion and abrasion an 

changed the chemical compositior 

of the anodic films without alte: 
ing their appearance greatly 

Abstract No. 156 

Anodic Dissolution of Magnesium in 

Aqueous Solution 
Richard Glicksman, RCA 
Princeton, N 
No abstract received) 


Labs 


FALL MEETING 
at the 
Chateau Laurier 
OTTAWA, ONT., CANADA 


September 28, 29, 30, and 
October 1 < 
Sessions probably 
scheduled on 
Batteries 
Corrosion 
Electrodeposition (including 
symposia on “Electrodeposi 
tion on Uncommon Metals 
and “Chemical and Electr: 
polishing”) 
Electronics—Semiconductors 
Electro-Organics 
Electrothermics and Metallurgy 
Abstracts for th 
(not exceeding 
n length) 


Secretary 
Broadway, 
N. Y l 


+} rac? 
Indicate on abstract 
Division's 


paper is 


j * With the support f the Office of Ord- 
nance Researct 
_ 
1860 
New York 23 
ater than June 2 
1958 in order to be included 
in the progran 
r ti ‘ 
thre 
Ala’ 
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Perkin Medal Award to W. J. Kroll 


Ain Meda! 
in America 
Announcen 


made 


in Dr. Kroll’s honor 
-Astoria Hotel, New 


Per- 
f representa- 
Chemi 
Institute 


‘When in 1937 I set out alone with 


mv rat 


vas founded 
big problen 


Perkit 
all tne 


This 


who clain 


eXan 
prerequlsite 
work 


man 


functioning earch—as 


team, he has made real 
to the 
of applied chemistry 


tions best be 


research Fleming 


contributions technical aspect been 


His qualifica- 
expressed in 


pianne 
can 


his 


wn word 


machinery in pt 


ment 


labo 


omething 


who 


t S ve the 


ling a che ap proc- 


nyoyment 
know 
which 

me get 


poverty, 


team 


operate 
ivate and 


atories 


in hopes ot 
under the 


director 


Salaried 


rescar¢ 
extravagant cost In pa- 


where frequently 


success because 

mind 
that com 
hands, thoughtful eves 
that happen. This 
behind 


watch the 
is tne 


things 
philosophy the inven- 


tion of ductile titanium.’ 


Dr. Kroll stands out as one of the 


OD 
> 
3 
Bociet 
William J. Kroll, consulting elec- 4 
lis, Ore., has been awarded the Per- 
* 
; 1 industrial chemistry AVAG i 
ent of the award was wr 
man of the Award Jury and Execu- 7 
} tive Vice-President of the Shell Oil 7% i 
Co. Formal presentation of the meda- 
a al took place on January 1, 1958, fol- Y. == = 
Chemical Engineers The Electro- 4 
hemical Society, and the American 
Section of the Societe de Chimie In- 
‘ 1968 Dackin Madea 
dustrielle, in addition to officers of fe . 958 Perkin Medalist 
y the American Section of the Society 
f Cher il Industry, under whose 
iuspices the medal is awarded 
Beis though usually removed from the 
on miteda me odservation of the experiment Is 
1906 in honor of Sir of supposed to do the thinking. I do not 
; i. es f production for ductile titan- agree with this claim. The free in- 
n re gnition of his discovery, 50 x 
A vears before ¢ the first synthetic ium, I was a visionary, and I wa dividual who accepts risks and years 
" ' : considered as such by the outstand- of sacrifice and wl is driven by 
ive it awarded annually to a 
, ing metallurgists f the nited religious devotion to his task and by 
States when visited this country th spirituz ov whicl nvention 
residing in the United States for state I ite il whicn en 
outstanding work in ipplied chemis- a vear later. It was the « procures, in much tne ame Way as 
+: tr ‘ of discovery. the curiosit is the artist by aesthetic achieve- 
" what is around the corr ments, can still today defy and out- 
motivated my action and Ik smart the cay 
Dr. Kroll is eminent] lited as a over hardships and relative i performed at 
| nedalist because he embodies until final success was achieved.  latial laboratories 
ple should refute all those nothing else is wanting but ideas 
| that todav individual re- Money alone does not create or in- 
i was done bv Pasteur « vent and the free individual still 
: is dead, and that it ha 
Dy the collectivist 
1 work of MMs or groups of 
d men 
scienti 
Ww. J. K Ho Tit discovering 
iz nium Were Bort J. 
Inst.. 280, N September 1955 command of a who, al- 
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great original chemists and metal- 
His best-known 
contribution is the utanium process 
With limited 
means and without encouragement 
from industry, he worked out the 
process of production 


of ductile titanium. Present invest- 


which bears his name 


economical 


ments in titanium 


industries, tota 
ing hundreds of millions of dollars, 


are Dased on his process 


Equally impressive are his nu- 
merous accomplishments in other 


fields of nonferrous metallurgy. His 
Work in charge of the zirconium 


project of the U. S. Bureau of Mines 


re ted in large-scale production of 
niu metal f atomic reactor 
ipy atior The ime process wa 
idapted to the commercial proauc- 
tion of titaniu in iarge qQuantitie 
\ ng his de elopr ents in earlier 
ears are a calcium-barium lead 
i \ bearings Known the 
name Lu gimeta metnods for 
et nuthizing lead: a hvyper-eutec- 
t 23 Si-Al all known as 
Ala Ge any ised for pis- 
tons in < Dustion engines i ag- 
nme ir Das¢ i isea nm super 
chargers to aviation motors. Hun- 
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dreds of ideas destined to have an 
effect in all metallurgy were re- 
duced by Dr. Kroll to patents and 
writings. Some of these are: vac- 
uum dezincing of lead; age harden- 
ing of aluminum-silver alloys; aging 
of lithium-aluminum zinc alloys; age 
hardenable-aluminum alloys; reduc- 
tion of anhydrous beryllium fluoride 
with magnesium. The forerunne: of 
the present transistor was Dr. Kroll’s 
discovery that germanium crystals 
coulda 


replace silicon for radio 


detectors 


He has a | 


ments in th. 


t of accomplish- 

of vacuum 
allurgy. He was one of the first to 
make high purity calcium. His 
Knowledge of vacuum purification 
was extended to the purification of 
silicon, copper, iron, chromium. be- 
ryllium, and alloys of copper, tin, 


ana iead 


His numerous papers and patents 
are distributed through Germany, 


England, and the United 


was born in Esch, Lux- 
embourg, in 1889. He studied at the 
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Technische Hochschule in Charlot- 
tenburg, Germany, where he re- 
ceived the Doctor of Engineering 
Degree in 1917. His thesis was writ- 
ten on the preparation of pure bor- 
on 


In 1940 he immigrated to the 
United States, becoming a consultant 
for Union Carbide Research Labs. 
in Niagara Falls, N. Y.. and from 
1945 to 1950 he was associated with 
the U. S. Bureau of Mines in Albany, 
Jre. In 1950 he established a home’ 
and private consulting practice in 
Corvallis, Ore 


Other awards to Dr. Kroll include: 
he Francis J. Clamer Medal. The 
ranklin Institute of Philadelphia, 
954; the James Douglas Medal, 
American Institute of Mining Engi- 
1954; the Heyn Award. 
tsche Gesellschaft fiir Metall- 
the Albert J. Sauveur Award, 
rican Society for Metals, 1955: 
University of 


rary Degree, 
Grenoble, 1955 


He has been active in The Elec- 
trochemical Society since 1929 


Section News 


Boston Section 
unth meeting of the Boston 
mn November 19, Dr. Abner 
Chief of the Electrodeposi- 
tion, National Bureau of 
ndards, spoke on “Electrode pcsi- 
tion Research in Progress at the Na- 


Bureau of Standards 


liscussed results irom a series 
nteresting research 


cluding electroless plati1 


embrittlement of steel. conce ntration 


lvbdenum oxidation at elevated tem 

peratures, and electrochemical cal 
orimetry 

The talk, illustrated by slides, was 

} 


followed by questions from the floor 


and discussions of the various topics 
Worden Waring. 


Secretary-Treasurer 


San Francisco Section 
The second Section meeting for 
98 was held on November 27, 
1957 at the University of California 
Faculty Club. The technical program 
featured a talk by Dr. Harold T. Ful- 
lam, Stauffer Chemical Co., on the 


Production of Metal Borides and 
Silicides by Fused Sait Electrolysis 

Most of the emphasis was on the 
electrolytic production of TiB.. The 
speaker first reviewed various meth- 
ods used to prepare compounds of 
this type, including an electrolysis of 
oxide melts which he found impos- 
However, TiB. can 
be deposited from melts containing 
K.TiF., KBF,, and KCl. using either 


graphite or stainless steel cathodes 


sible to duplicate 


Depending on conditions, the ca- 
thodic product may take the form 
of loose crystals or thin, adherent 
deposits 

Dr. Fullam measured decomposi- 
tion potentials of the individual melt 
components and of selected mixtures. 
in an effort to get at the cathode 
mechanism. From his studies, he de- 
duced that the titanium component 
of TiB. comes from K.TiF, by direct 
cathodic reduction, whereas the boron 
is made by a secondary reaction in- 
As further sup- 
port for the proposed mechanism. he 
pointed out that no TiB, can be ob- 
tained if Na salts are used instead of 
the K compounds 

The speaker discussed the effects 
of temperature, melt composition, 
and current density upon current 


volving potassium 


efficiency and product composition 
Highest cathodic efficiencies (about 
50% ) were obtained from melts con- 
taining about 70% KCl, 15% K.TiF.. 
and 15% KBF. by weight, at 720°- 
730°C. Purity of the TiB. often ex- 
ceeded 99% 

By the use of appropriate salts. the 
borides of Zr, Cr, and Th were also 
prepared. When <BF, was replaced 
by K.SiF., the corresponding silicides 
were obtained at the cathode 


Morris Feinleib 


Washington-Baltimore Section 

The second regular meeting of the 
1957-58 year was held on November 
7, 1957 at the National Bureau of 
Standards. The speaker was Herbert 
B. Reed, Jr., of the Naval Ordnance 
Lab., and his topic was “The Theory 
and Application of the Solion.” 

The solion is an electrochemical 
device which may replace vacuum 
tubes and transistors for direct- 
current or low-frequency applica- 
tions. Its operation depends on the 
movements of ions through a solu- 
tion and it is based on concentration 
polarization. There are five elemen- 
tary types of solions depending on 
the use to which they are put. Phys- 


States 

# 
tiona) 
ydrogen 
i 
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ically, the solion consists of a small, 
plastic cylinder divided into sections 
and containing a solution and elec- 
trodes. When the unit is stimulated 
by light, heat, sound, pressure, or 
movement, the resultant hydraulic 
flow within the cell produces a cur- 
rent output. Any reversible redox 
system can be used in the solion. The 
speaker described a system consist- 
ing of platinum electrodes immersed 
in a solution of iodine in potassium 
iodide. Extremely pure materials are 
essential. The solion is extremely 
sensitive and it may be very small 
It is simple in construction, it is easy 
to maintain, and it requires very low 
power 

David Schlain, Secretary 


News from India 


Ferromanganese in India—Demag- 
Elektrometallurgie, 
working on an electric reducing fur- 
nace of closed-top type, for the pro- 
duction of carburized ferromanga- 
nese for India. It is to be provided 
with a transformer capacity of 7500 
kva and will be capable of producing 
40 tons of the alloy per day. The fir: 
will also carry out extensive tests 
with Indian manganese ore 
determine their suitability for smelt- 


Germany, 1s 


fines t 


ing by the Lubatti process 
Nickel-Free Stainless Steel—The 
National Metallurgical Lab., 
shedpur, has evolved a nickel-free 
stainless steel containing 21% Cr, 
12.6% Mn, and 0.8 
austenitic in structure and can re- 


Jam- 


nitrogen. It is 
place the standard 18/8 steel for a 
applications 


the fabrication of utensils 


number of including 


De Nora Electrolyzers for Nangal 
Project—Oronzio De Nora, Milan, 
Italy, will supply electrolyzers for 
the Nangal Fertilizer and Heavy 
Water Project. This forms part of a 
300-million-rupees 
velop the agricultural and industrial 
resources of the Punjab. Production 
is expected to commence early in 
1960—80,000 tons of nitrogen in the 
form of ammonium nitrate and nitro 
limestone, and 15 tons of 
water per year Some 
grouped in 60 De Nora hydrogen and 
electrolyzers of the filter 


project to de- 


heavy 
6500 cells 


oxygen 
press type, each rated at 10,000 amps, 
will be installed 
more than 25,000 cubic meters of hy- 
drogen per hour. The normal purity 
of the products is hydrogen 99.9% 
The plant will be 
other comparable 


This will produce 


and oxygen 99.7% 
bigger than any 
unit completed or under construction 
including 
that envisaged under the Aswan de- 


anvwhere in the world, 


velopment scheme. The power re- 
quired by the electrolyzers will be 
about 140,000 kw and will be made 
available from the Bhakra Nangal 
power station 


Rare Metals A 
Symposium on Rare Metals was held 
under the auspices of the Atomic En- 
ergy Establishment, Government of 
India, the UNESCO, and the Indian 
Institute of Metals at Bombay dur- 
ing December 1957 Twenty-four 


papers were presented covering the 


Symposium on 


following topics: resources of rare 
metals, beneficiation of uranium ores 
and of beach 


uranium ores and ore 


sands, treatment of 
concentrates, 
treatment of monazite, production 
and application of rare earth metals, 
present 


beryllium metallurgy, production of 


status of zirconium and 
metallic uranium and thorium, treat- 
ment of irradiated fuel elements and 
blankets 
lurgy and 


breede! physical metal- 
fabrication of uranium 


and plutonium, physical metallurgy 


of thorium, technology of rare metal 
oxides and carbides, powder metal- 


lurgy in reactor applications 


Ferrosilicon Plant in Mysore—The 
Government of India has approved 
the Rs. 1.3 crore* ferrosilicon scheme 
forming part of the development 
program of the state-owned Mysore 
Iron and Steel Works, Bhadravathi 
The new plant is expected to go into 
production by the end of 1959 and 
will manufacture 20,000 tons of fer- 
rosilicon per annum as against the 
present output of 5000 tons. Bha- 
dravathi will then be the sole pro- 
ducer in India of ferrosilicon, an 
essential ingredient in steel manu- 


Thirteen 1 n rupees 


SOCIETY 


Theoretical Division 
Extended Abstracts 


istry Division is making avail- 
able a booklet of 
abstracts of the 
presented at the Annual Spring 
Meeting of the Society in New 
York, April 27 to May 1. Ex- 
tended abstracts of 
papers and the 


papers to be 


general 
papers of the 
Electrokineti 


Phenomena 


Symposium on 
and Membrane 
Copies will be 
available at the meeting, or 
they can be obtained, at $3.00 
each, fron 


are included 


Dr. Ralph Roberts 
3309 Camalier Drive 
Washinyton 15, D. C 
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facture. This project is expected to 
reduce substantially the import of 


the material 


Corrosion of Metals Symposium 

A Symposium on Corrosion of Met- 
als was held at Madras in January 
by the Section of Engineering and 
Metallurgy, 45th Indian Science Con- 
gress. Ten papers were presented 
Corrosion and Its Prevention, Inhi- 
bition of the Corrosion of Aluminum 
Corrosion Inhibitors with 
Reference to Oil Soluble and Vapor 
Phase Inhibitors, Corrosion Control 
Measures on Submarine Pipe Lines 
Con- 
version Coatings, Behavior of Metals 
and Metallic Exposed to 
Atmosphe re, Some Aspects of Cath- 
odic Protection, Corrosion in the 
Tropics, Anodic Corrosion of Metals 
and Alloys in Pyrophosphate Solu- 
tions, and Corrosion-Resisting Prop- 
erties of the Austenitic Chromium- 


Nickel Stainless Steels 


Spex ial 


Carrving Petroleum Products, 


Coatings 


T. L. Rama Char, 
India 


Regional 


Division News 


E & M Division High Purity Metals 
Symposium Scheduled 


The Electrothermics and Metal- 
lurgy Division of The Electrochemi- 
cal Society has organized a sympo- 
Preparation, 
Evaluation, and Uses of High Purity 
Metals,” to be held in conjunction 
Annual Spring Meeting of 
the Society at the Statler Hotel, New 
York City, from April 27 through 
The Electrothermics and Metal- 


lttee, in preparation for 


the 1958 Spring Meeting has chosen 
a subject for a symposium that will 
be of widespread interest to a large 
number of scientists and engineers 
engaged in the preparation and utili- 
zation of high purity metals for a 
variety of uses in the electron 
chemical, metallurgical, and associ- 
ated fields 

Key discoveries in chemical and 
metallurgical technology, as well as 
widespread advances in engineering 
have increased the need and util 
zation of high purity materials in 
many fields 

It was therefore the opinion of the 
committee that such a symposium 
covering the rapidly advancing tech- 
nology of high purity metal prepara- 
tion, the methods for the determina- 
tion of purities obtainable, and the 


potential uses of such high purity 


ME rupees 
lu 
| = 
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materials would be timely and of 


high scientinie interest 
fhe symposium consists of five 
(a) Zone Refining Methods 
Preparation of High Purity 
Metals b) lodide Type Processes 
he Preparation of High Purity 
Electrorefining and 


Electrowinning Methods, (d) Chem- 


©€sSsions 


for the 


cal Purification Methods for Com- 
pound Preparation in Production of 
High Purity Metals, and (e) Criteria 
f Purity in Preparation of High 
Purity Metals. A total of approxi- 


mateiy 28 papers have been sched- 
iled for this meeting. Some of the 


ubjyects to be covered include boat 


ang toating zone refining techniques 


me metals semiconductors, 
loating zone refining of tungsten by 
electron beam melting, continuous 
multistage zone refining of silicon 
etraiodide. A number of papers on 


lw preparation of silicon and re- 

fractory metals by iodide processes 
are also included 

Electrowinning and electrorefining 

methods for the 

preparation of high purity hafnium, 


using fused salt 


boron, columbium, uranium, and ti- 
tanium are included in the papers 

Reduction methods for the prepa- 
ration of tungsten, rhenium, and 
methods for preparation of high 
purity scandium and boron are also 


cing covered 
A number of analytical techniques 
itilzed for the determination of im- 


levels in high purity metals 


E G M—Corrosion 
Joint Symposium 


A symposium entitled “Stress Cor- 


rosion Cracking of Stainless Steel” 

presented at the Annual 
Meeting of the Society, to be held 
in New York, April 27 to May 1. The 
he joint sponsorship 
Electrothermics and Metal- 


Will De 


program, under 
of the 
l Corrosion Divisions, 
has been formulated by W. E. Tra- 


gert and will consist of six papers in 


urgy and the 


one session 

The symposium will be keynoted 
by J. J 
recent progress in this research area 
Critical experiments directed toward 
obtaining a better understanding of 
the failure mechanism in austenitic 
stainless steel will be described by 
H. L. Logan, while the effect of com- 
position will be the subject of a pa- 
per by H. R. Copson. The influence 
of corrosive environment will be 
presented in two papers: M. G. Fon- 
tana will discuss failure in high tem- 
perature water, and G. Wheeler will 
evaluate performance in caustic so- 
lutions 


Harwood who will review 


The stress corrosion of mar- 


CURRENT AFFAIRS 


tensitic stainless steels comprises the 
third element of the program and a 
paper by F. Brown will be presented 
on this subject 

Brief prepared discussions have 
been solicited from several investi- 
gators who are active in the field and 


ill be presented as time permits 


New Members 


In December 1957 the following 
were approved for membership in 
The Electrochemical Society by the 
Admissions Committee 


Active Member Sponsored by c 
Sustaining Member 


Ardrey M. Bounds, Superior Tube 
Co., P. O. Box 191, Norristown, Pa 
(Electrothermics & Metallurgy) 


Active Members 


Arthur F. Butler, E. I. du Pont de 
Nemours & Co.; Mail add: 1320 
Quincy Dr.. Wilmington, Del 
(Electronics) 

Edward J. Cook, U. S. Naval Acad- 
emy and Chesapeake Instrument 
Corp.; Mail add: 138 Gibson Rd., 


Electronics Division 
Enlarged Abstracts 


The Electronics Division will 
publish an “Enlarged 
Abstracts’ booklet for the 
Spring 1958 convention of the 
Society in New York City. The 
have 1000-word 
abstracts of the papers to be 
presented before the Electronics 
Division in its symposia on 


again 


booklet will 


Luminescence 
Semiconductors. 

The abstracts will contain 
pertinent information and ex- 
perimental data given in the 
papers and will provide these 
details before publication, thus 
aiding workers in the field. The 
abstracts will be “printed but 
not published.” 

The abstract booklets should 
be available by mid-April; the 
price will be $2.50 per copy 

Checks should be made pay- 
able to: Electronics Division, 
The Electrochemical Society 

Orders and checks should be 
sent to: 


Martin F. Quaely 

c/o Westinghouse Electric 
Corp 

Lamp Div., Research Dept 
Bloomfield, N. J. 
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Annapolis, Md 
sion) 

John C. Cutt, Research & Develop- 
ment, Carborundum Co., 
Falls, N. Y 
Metallurgy) 

Timothy J. Desmond, Delco Radio 
Div., G.M.C.; Mail add: 325 Mag- 
nolia Dr., Kokomo. Ind., (Elec- 
tronics) 

Harold T. Fullam, Stauffer Chemical 
Co.; Mail add: 2601 Parker St.. 
Berkeley, Calif. (Electrodeposi- 
tion, Electrothermics & Metallurgy. 
Theoretical Electrochemistry ) 

Charles L. Gravel, Minneapolis- 
Honeywell Regulator Co.: Mail 
add: 359 Cabot St.. Newtonville 
60, Mass. ( Electronics) 

Edward E. Hucke, University of 
Michigan, Dept. of Chemical & 
Metallurgical Engrg.. Ann Arbor. 
Mich. (Electrothermics & Metal- 
lurgy) 


(Battery, Corro- 


Niagara 
(Electrothermics & 


Nicolas Inchauspe, Physics Dept., 
University of Illinois, Urbana, II] 
Electronics—Semiconductors) 
Sol S. Jaffe. McGraw-Edison: Mail 
add: 7 Nance Rd.. West Orange. 

N. J. (Battery) 

A. Albert Johnson, Metal & Thermit 
Corp.; Mail add: 22030 Dante, Oak 
Park 37, Mich. (Corrosion, Elec- 
trodeposition) 

Thomas I. Kidd, Reading Battery 
Div., Electric Auto-Lite Co.. 4700 
5th St.. Reading. Pa 

Battery ) 

William A. McNeish, Universal- 
Cyclops Steel Corp.. Bridgeville. 
Pa.(Electrothermics & Metallurgy) 

Gordon E. Moore, Fairchild Semi- 
conductor Co. 844 Charleston 
Ave., Palo Alto, Calif. (Electronics) 

Sven H. Persson, Uddeholms Aktie- 
bolag. Skoghallsverken Elektro- 
kemiska Fabriken, Skoghall, Swed- 
en (Industrial Electrolytic) 

William G. Renshaw, Allegheny 
Ludlum Steel Corp., Brackenridge. 
Pa. (Corrosion) 

William H. Richards, Jr., Stromberg- 
Carlson Co.; Mail add: 106 Green- 
away Rd. Rochester 10, N. Y 
(Electronics) 

Guy Roberts, Canadian Carborun- 
dum Co., Ltd., Niagara Falls, Ont.. 
Canada (Electrothermics & Metal- 
lurgy) 


Highway. 


By action of the Board of Directors 
of the Society, all prospective mem- 
bers must include first year’s dues 
with their applications for 
bership 

Also, please note that, if sponsors 
sign the application form itself, pro- 
cessing can be expedited consider- 
ably. 


mem- 


‘ 

A 

— 

re 

will be described ; 

an 

| 4 
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Jay W. Thornhill, Texas Instruments Arthur L. Ginsburg is no longer V. S. de Beausset, who had. been 
Inc.; Mail add: 3212 Hedgerow Dr., connected with the Cartoucherie project manager of the Taipei, For- 
Dallas 35, Texas (Electronics) Francaise in Paris. At present he is mosa, Field Office of the J. G. White 

Alfred M. Weisberg, Technic Inc., with the Laboratoire de Physique. Engineering Corp., has returned to 
7001 N. Clark, Chicago 26, Ill Institut Textile de France, Paris the United States as manager of the 
(Electrodeposition) corporation's Process Div. in New 


York City 
Transter from Student Associate John F. Gall, supervisor of re 


to Active Membership search of the Pennsalt Chemicals 


Julius Klerer, Brooklyn College Philadel H. V. K. Udupa has been appoint 

Mail add: 880 Summit Ave., Jer- — ed assistant director, Central Electro 

sey City, N. J. (Theoretical Elec- chemical Research Institute, Karai- 

Div. of Inorganic Chemistry for 1958 India 


trochemistry ) kudi 


Reinstatements to Active Membership 


Arthur Fleischer has been appoint 


i Harold D. Stanley, K. W. Battery ed senior scientist of electrochemistry S. Ramaswamy has returned to In- 
Co., 3555 Howard St., Skokie, Ill at the Thomas A. Edison Lab dia after a brief visit to Europe and 
(Battery) McGraw-Edison Co., West Orange the United Kingdom in connection 

t Andrew B. Black, Cobalt Chemicals, N. J. Dr. Fleischer was formerly di with the expansion program of the 

Box 350, Cobalt, Ont. Canada rector of research at Gould-National Mettur Chemical and _ Industrial 
(Electrodeposition, Electrothermics Batteries, Nicad Division, Inx Corp., Mettur Dan 


& Metallurgy) 
Deceased—Reported in November 1957 
A. J. Liebmann, New York, N. Y 


Paul L. Asnis, Pequannock, N. J 
H. E. Haring, Murray Hill, N. J 
Capitol Records cuts costs 
a and simplifies plating of 
; Lee J. Droege, of Calif., recently o 
has been placed in charge of the record masters with 
Semiconductor Materials Processing 
Section of the Semiconductor Div., ‘*Plus-4’’ Anodes 
Hughes Aircraft Co 
= In its bie. modern 2. Maintenance savings. |1) tanks using 
Robert B. Holden, formerly with Plus-4” A 
ide, N. Y., is now chief of the Chem- atcoees : 
ords, In produces Ween OTrdinary anodes, 
record masters by acid-copper elec- Anodes need not be removed 
troplating. To improve and simplity the tank after plaiting is com- 
Cc N H C this critical step in making its high- roe tS icv GO not continue to 
quality popular ind classical records give off copper crystals to the solution 
4 ( apit | tried “Plus-4 Anodes, Ana- ifter the current is st pped Less tre- 
l conn nod tit cleaning of tanks to remove 
Heights, N. J., recently retired fron Chemical Engineer T. Melioris re- Sue 
Nell Telephone Labs. Inc. Murras ports these operating results 3. Smoother, denser deposits in tanks 
Hill. N. J 1. Material savings. Because there ire vith Plus 4 Anodes because there 
no tree partie les of copper inn the solu- ire Te latively few finely divided cop- 
tion from “Plus-4"” Anodes — sludge per particles suspended in solution 
A. D. Spillman, Philadelphia Elec- losses were cut 9O copper sulfate Write for information on how vou can 
tric Co., Philadelphia, Pa., is now build-up in the solution was drasti- ptain a test quantity to supply one 
assistant manager of the Sales Ap- illy reduced. There has been an tank. Address: The American Br iss 
plications Dept innual saving of several thousand Company, Waterbury 20, Conn. In 
pounds f salts and a big reduction Canada Anacond American Brass 
in the amount of acid required Ltd... New Toronto, Ont 4s Rev 
N. R. Fasken, who had been with 
the Shawinigan Water & Power Co., is 
is now with Shawinigan Chemicals A N ACO N DA 
Ltd., Stainless Steel and Alloys Div.., 
Shawinigan Falls, P. Q., Canada 
PLUS-4” ANODES Phosphorized Copper 
Douglas W. Rowed recently joined Made by The American Brass Company for use under Patent No. 2,689,216 
: the staff of Union Carbide Australia 
4 Ltd., Mascot, N.S.W., Australia. Pre- 
viously he was associated with 


Eveready (Australia) Pty. Ltd. 


j 
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Edward Orban recently was named 
manager of inorganic product devel- 
opment for the development depart- 
ment of Monsanto Chemical Co.'s 
Research and Engineering Div. at St 


throughout the world. He was 
eral Electric Co 
Louis after serving as project spe 


ment of the company’s Inorganic of Technology with the degree 
Cher 


chemistry from the University 
. : Leipzig, Germany, in 1896 
Willis R. Whitney 


Willis R. Whitney, dean of indus- Whitney held several positions 


tr 
January 9, 1958 at the age of 
In 1900 Dr. Whitney founded the 


served as its director for 32 vears. a ed as the basis for explanation 


major discoveries that helped bring 


Operator in foreground holds a rolled 
plate “Plus-4 Anode. Rear operator lifts 
out a finished record master. 


electricity into homes and factories 
honorary vice-president of the Gen- 

He was born at Jamestown, N. Y., 
on August 22, 1868. He was graduat- 


cialist in the development depart ed from the Massachusetts Institute 


ucals Div. since 1955 B.S. in 1890 and received his Ph.D. in 


Following his graduation, Dr 


rial research in America, died on M.1.T. While there, he did important 
f 89 research work in electrochemistry, 
proposing the electrochemical theory 
General Electric Research Lab. He of corrosion, now universally accept- 


period during which scientists un- corrosion reactions 
der his leadership made many of the Dr. Whitney was an Honorary 


Member of The Electrochemical So- 
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ciety which he joined in April 1902: 
he served as Society President in 
1912. He was also a member of the 
National Academy of Sciences, Na- 
tional Research Council, American 
Chemical Society, American Insti- 
tute of Mining and Metallurgical 
Engineers, American Institute of 
Electrical Engineers, American So- 
ciety for the Advancement of Sci- 
ence, American Academy of Arts 
and Sciences, American Physical So- 
ciety, The Franklin Institute, Ameri- 
can Philosophical Society, British 
Institute of Metals, and the French 
Legion of Honor 

Many colleges and_ universities 
awarded honorary degrees to Dr 
Whitney, including the University of 
Pittsburgh, Union College, Syracuse 
University, University of Michigan. 
University of Rochester. and Lehigh 
University. Other honors bestowed 
on Dr. Whitney both here and abroad 
include: The Willard Gibbs Medal. 
Chandler Medal. Perkin Medal. 
Franklin Medal, Edison Medal. dec- 
oration of Chevalier of the Legion of 
Honor (France), gold medal of the 
National Institute of Social Sciences. 
1943 John Fritz Medal, distinguished 
service gold key of the American 
Congress of Physical Therapy, the 
Marcellus Hartley Gold Medal. and 
the medal of the Industrial Research 
Institute 

He was the author of many scien- 
tific publications in such fields as the 


corrosion of iron, solubilitv deter- 


minations, colloids, alloys, chemistry 
of light, carbon brushes catalysis 
phenomena, vacua, and electrochem- 
istry 

He is survived by his wife. the 
former Evelyn Jones, and a daugh- 
ter. Mrs. Van Alstyne Schermerhorn 
of Glenville, N. Y 


James H. Critchett 


H. Critchett, retired vice- 
president of several divisions of 
Union Carbide Corp., died at his 
home in Orleans, Mass., on Decem- 
ber 18, 1957 

Mr. Critchett was born in Water- 
town, Mass. He attended the Massa- 
chusetts Institute of Technology. re- 
ceiving the B.S. degree in 1909 

He joined the Union Carbide or- 
ganization in 1914 on the metallur- 
gical staff of two corporation divi- 
sions in Niagara Falls, N. Y. Later 
he moved to New York as part of 
the corporation's research organiza- 


James 


tion, subsequently coordinating the 
activities of the research organiza- 
tion at Niagara Falls with those of 
the manufacturing and sales divi- 
sions. He became a vice-president of 
Electro Metallurgical Co. in 1939 and 


| 
‘ + 
| 
te 
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divisions in 1944, 
he held when he 


of several othe 
which 
retired 
During World War II, Mr. Critchett 
was a member of a number of Gov- 
ernment metallurgical committees of 
the War Board and the 
National Academy of Science 


positions 


Production 


He was an Emeritus Member of 
The Electrochemical Society which 
he joined in 1919. He was also a 


member of Theta Delta Chi, Ameri- 
can Welding Society, American 
Foundrymen’s Association, American 
Society for Testing Materials, Amer- 
ican Iron and Steel Institute, Up- 
town Club, Newcomen Society, the 
Masonic Order, and the Douglaston 
Yacht Club, and was on the execu- 
Welding Research 
The Engineering 


tive board of the 
Committee of 
Foundation 

Mr. Critchett is survived by his 
wife, Ruth Walton Critchett, and two 
daughters, Ruth C. Boyer and Doris 


W. Rainey 


News Items 


New Sustaining Members 
The following recently became 
Sustaining Members of The Electro- 
Society: Basic Incorporat- 


chemical 


ed, Cleveland, Ohio; Columbian Car- 
bon Co.. New York, N. Y.: K. W 
Battery Co., Skokie. Libbey- 


Owens-Ford Glass Co., Toledo, Ohio; 
Pittsburgh Metallurgical Co., Inc., 
Niagara Falls, N. Y.; Sumner Chem- 
ical Co., Div. of Miles Laboratories, 
Inc., Elkhart, Ind.; Upjohn Co., Kala- 
Mich 


mazoo 


1957 Annual Index 


The Annual Index for Vol. 104 
(1957) of the JOURNAL appeared in 
the February issue, pp. i-ix. Reprints 


obtained about 
writing 


of the Index can be 


the middle of this month by 


to The Electrochemical Society, 1860 
Broadway, New York 23, N. Y 
J.C. Bailar, Jr., Chosen 
President-Elect of ACS 

Dr. John C. Bailar, Jr., professor 


of inorganic chemistry at the Uni- 
of Illinois, has been 
president-elect of the American 
Chemical Society. He will head the 
ociety in 1959 
President for 1958 is Dr. Clifford 
F. Rassweiler, vice-chairman of the 
board and vice-president for 
(Con'inued on page 65C) 


versity chosen 


re- 


ECS Membership Statistics 


The following three tables give figures in that line since members 
breakdown of membership as of belong to more than one Division 
Jan. 1, 1958. The Secretary's Office and, also, because Sustaining Mem- 
feels that a regular accounting of bers are not assigned to Divisions 
membership will be very stimulating But the totals listed are the total 
to membership committee activities. membership in each Section. In 
In Table I it should be noted that Table I, Sustaining Members have 


the totals appearing in the right- 

Table 1. ECS Membership by 
Boston 14 28 6 34 40 5 
Chicago 12 36 4 42 #18 8 
Cleveland 58 37 2 49 41 1] 
Columbus 

Ohio l 13 0 14 + 2 
Detroit 7 17 2 44 7 10 
India 9g 7 2 19 8 6 
Indianapolis 11 8 3 1 10 4 
Midland 8 17 O 5 2 2 
Mohawk- 

Hudson 5 15 14 9 11 l 
New York 78 102 24 133 23 33 
Niagara Falls IZ 22 #1 (2 5 5 
Ontario- 

Quebec 12 23 1 14 2 3 
Pacific 

Northwest 4 14 0 11 2 | 
Philadelphia 24 30 4 37 S56 16 
Pittsburgh 4 46 3 9 27 9 
Southern Calif.- 

Nevada 15 20 2 24 24 3 
Washington- 

Baltimore 34 41 8 39 23 3 
U.S. Non- 

Section 54 90 13 87 65 £42 
Foreign Non- 

Section 41 58 6 63 29 7 
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hand column are not the 


been credited to the various Sections 


Sections and Divisions 


Divisi 
18 1 22 8 131 117 +14 
12 5 20 12 #1211 «#2113 2 
26 3] 40 15 203 195 
22 3 ) 45 0 . 45 
5 5 0 2 84 80 4 
i4 ll 3 36 27 +9 
5 3 6 2 40 0 40 
7 17 10 3 45 41 + 
7 3 ll ) 51 0 51 
67 66 694 45 482 447 +35 
75 63 27 #23 175 «#156 
2s 2 7 15 75 64 1] 
7 10 47 47 0 
20 18 50 29 174 #155 19 
35 16 36 9 130 117 +13 
14 23 21 + 64 60 4 
13 18 22 10 95 87 
10 11 2 117 ] 
56 72 10! 35 395 486 9) 
38 9 70 53 224 212 12 


March 1958 


sums of the 


Total as of 


Jan. 1, 1958 409 638100 705 518 193 479 485 620 313 2735 
Total as of 
April 1, 1957 377 618 86 680 411 183 426 454 578 321 2505 
Table !!. ECS Membership by Grade 
Total as Tot Ne 
of 1 158 {4157 Change 
Active 2448 2142 306 
Delinquent 61 146 85 
Active Representative Patron Members 8 8 0 
Active Representative Sustaining Members 70 60 10 
Total Active Members 2587 356 231 
Life 16 15 1 
Emeritus 54 44 10 
Associate 31 28 3 
Student 42 57 15 
Honorary 5 5 0 
2735 2505 + 230 
The figures pertaining to Patron and Sustaining Member Representatives have bee: dded 
to reflect reclassifications and changes in membership status 
Table Ii!. ECS Patron and Sustaining Membership 
Total as Total as Net 
of 1/1/58 of 4.1 57 Change 
Patron Member Companies 4 + 0 
Sustaining Member Companies 127 119 + 8 
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and deve 
-Mar Ville 


who took office 


lopment of the 
Corp., New York 
January 1, succeed- 
Roger J. Williams of 
ie University of Texas. 


ng Professor 


Dr. Bailar’s election as president 
f 159 the second ACS honor he 
has received in 1957. Earlier he was 
chosen as first chairman of the so- 
ciety new Division of Inorganic 
Une try He headed the Division 
f Pl il and Inorganic Chemistry 

1950 and the Divi ion of Chemical 


achievement n chemical re- 
‘ na Nt i n teaching. He ha 
carries t portant investigatior 
gani« he try 


gree 424 and the M.A. in 192! 
f the Universit fc ido. He 
ca t e Ph.D 128 at the Uni- 
t f Michiga He Va i e- 
ea at Michigar 2 2t 
ea ng as tant there I 
e \ g tw ca bet 
g the 1 fl 
I< He was named ssistant pro- 
‘ 413 i ite 
i Tull 143 
te B i m™ 
The Elect he al Society P} 
Beta Kapy Sig Xi, Phi Lambda 
{ i Alpha Chi Sigma. He 
i t eve tet 


B.D. Thomas Appointed President 
of Battelle Memorial Institute 


1) Th nt 


R 


if as, enwust and re- 
ca ia! s at Nas deen namea 
t the pre er f Battelle Mer - 

i Institute t succeed Dr Clyde 
W an wil t etire ent as presi- 
lent wa int need recent DV tne 


f Battelle since being 
named lirect i vea igi D 
Thomas ha been a el t It the 
Batte orgal atic nanyv vears 
He ined the taff a i research en- 


gineer in 1934. wa 


appointed assist- 


al aa I 1942 and Vice-presi- 
ent n July M55 

Transparent Magnetic Oxides 

A new lass of magnetic oxide 
tructurally distinct from ferrites 
Na ecently been discovered These 
materials, Known as rare-earth-iron 
garnets, are transparent, permitting 
the internal magnetic Gomain struc- 
ture to be seen with a _ polarizing 


microscope 
The discovery of ferrimagnetism 
was made first at 


Electrostatique et 


in these garnets 


the Laboratoire 
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De Physique du Metal of the Insti- 
tute Fourier in Grenoble, France, 
and independently by S. Geller and 
M. A. Gilleo of Bell Telephone Labs.., 
where the optical and magnetic res- 
onance behavior of the garnets is be- 
ing studied by J. F. Dillon, Jr 


crvstals 


em- 
Loy single 
J. W. Nielsen 


magnetic 


grown by 


materials, metals 


ind ferrites alike, are opaque to vis- 
ble light. Thus, their internal mag- 
netic structure is not visible, and the 


wavy magnetic dom: are oriented 


inferred from 


within them has been 


reflection of polarized light by their 
irfaces or | delineating domain 
boundaries at these faces with 
dal magnetic oxides 
Yttrium iron garnet. Y.Fe.(FeO,) 
s the most completely studied mem- 
tt new garne family Of 
great interest is that fact that 
ttrium-iron garnet contains mag- 
netic 1ons with but a single valence 
Both x-ray and neutron diffraction 
tudie nave nowr eariv that, un- 
Ke the fe! te the interactions bDe- 
veen identica ignet ons wholly 
ng tw iifferent crvystallo- 
grap! te ire responsible f fer- 
magnets! n the garnet structure 
A polarized ght beam passing 
ig? the transparent magnetic 
i ire-earth-iron garnets 
ts | ne pola ation rotated 
ne direction u ne domain but 
the opposite direction in an adja- 
cent and oppositely magnetized do- 
ain This Faraday rotation is 
vavelength-dependent and amounts 
severa legrees pe of thick- 
ness; it ikes the domains within 
he crystals clearly visible. The in- 
terna iomain structure can there- 
fore be studied er a wide range of 
temperatures and magnetic field 
iitions. Thus, for the first time 


is now possible to correlate Fara- 
jay rotation in a magnetic material 
with spectroscopic data over a broad 


range 


Chemstrand Corp. Establishes 
Scholarship Fund 


The Chemstrand Corp., Decatur, 
Ala., has recently established a fund 
scholar- 


ships and grants-in-aid at 30 U. S 


undergraduate 


The scholarships are for upperclass 


students, preferably seniors, in the 


fields of chemistry, physics, chemi- 
cal, mechanical, electrical and tex- 
tile engineering, business adminis- 
tration, industrial management, and 


the liberal arts 

The scholarships are awarded and 
administered by the individual col- 
leges 


The purpose of this program 
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is to assist financially in the aca- 
demic training and development of 
scientists, engineering and manage- 
ment personnel 

The grants-in-aid will be used by 
the institutions for the purchase of 


equipment or to supplement salaries. 


A. D. Little, Inc., Sponsors Science 
Explorers Club 

In a move to encourage more sci- 
ence careers, Arthur D. Little, Inc., 
has made a $5000 gift to the Museum 
of Science in Boston, Bradford 
Washburn, museum director, an- 
nounced recently 

The gift will be used to sponsor 
the Science Explorers Club—a lively 
program that has been developing 
young people’s taste for science 
learning for the past six years 

The Science Explorers Club meets 
on Saturday mornings at the Muse- 
um; 280 boys and girls between 10 
and 18 years are enrolled, and there 
is a long waiting list. Dramatic ex- 
periments and demonstrations, use 
of Museum collections, and field trips 
z} the voung people a broad view 
of the various areas of scientific 


give 


know ledge 

A new activity of the Science Ex- 
plorers Club, which 
ber 1957, is its own television pro- 
gram. Telecast Thursdays at 6:00 
P.M. over Channel 5, the show fea- 
tures Mr. Merrill and some of his 
Explorers as they delve into fasci- 
nating facts about science 


began Decem- 


Newark College of Engineering 
Names New Laboratory 

Newark College of Engineering 
has announced that its new facilities 
at 240-250 High St. will be named 
the Martin F. Tiernan Laboratory 
Building, in honor of the man who 
made its acquisition possible 

The three-story brick structure, 
once the Maltbie Labs. plant, was 
acquired by the college in 1956 from 
Wallace & Tiernan, Inc., Belleville, 
N. J.. manufacturers of water purifi- 
cation systems, for use by NCE’s de- 
partments of Chemical and Civil 
Engineering 

The 


+) 
Les, 


chemical engineering facili- 
according to NCE president 
Robert W. Van Houten, are probably 
the most modern and up-to-date ed- 
ucational laboratories of their type 
in the country. Completed in time 
for use by students in 1957, they are 
matched by separate facilities for 
civil engineering students, which are 
located in the south wing of the 
building and which were to be ready 
for occupancy in February 1958. 


Educat 
A native of Golden, Col Pro- , 
fessor Bailar received the B.A. de- - 
f the National Research Council 
i 
i 
temperature 
1 . 
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According to Dr. Van Houten, the 
new building has enabled the Chem- 
ical Engineering Department to cen- 
tralize its activities and to add much- 
needed facilities for research and 
graduate work 

The ground floor contains a Unit 
Operations Lab., machine shop, stor- 
age area for pipes and fittings, and 
a separate room for dust-free size 
reduction operations. The first floor 
contains the Physical Chemistry 
Lab., Chemical Instrument Lab., 
commons and locker rooms, and 
main stock room 

On the second floor are the Or- 
ganic Chemistry Labs., graduate and 
staff research laboratories, class- 
rooms, and offices. The third floor 
includes several specialized labora- 
tories for instrumentation, electro- 
chemical engineering, adsorption, or- 
ganic research, and small-scale in- 
vestigation. The area also includes 
four more classrooms and a design 
room 

The Tiernan Building brings to six 
the number of buildings owned by 
the college, including its new Culli- 
more Hall, which was to open in 
February, and Weston Hall, which 
will be torn down and replaced by a 


new six-story laboratory building 
starting next vear 
Announcements 

from Publishers 

“Ideas, Inventions, and Patents 
How to Develop and Protect 


Them,” by Robert A. Buckles 
Published by John Wiley & Sons, 
Inc.. New York City, 1957. 270 
pages; $5.95 


“Electroforming of Waveguide Com- 
ponents for the Millimeter-Wave- 
length Range,” by Albert A. Feld- 


mann. National Bureau of Stand- 
ards Circular 587, issued Nov. 15, 
1957. 16 pages: 15 cents. (Order 
from Superintendent of Docu- 


ments, U. S. Government Printing 
Office, Washington 25, D.C. NOTE 
Foreign remittances must be in 
U. S. exchange and should include 
an additional '4 of the publication 
price to cover mailing costs.) 


“Investigation of Freezing as a 
Means of Obtaining Fresh Water 
from Salt Water,” by E. N. Kemler 
and others, University of Minne- 
sota, for U. S. Naval Civil Engi- 
neering Research and Evaluation 


Lab., Jan. 1955. 55 pages; $1.50. 
(Order Report PB 121959 from 
OTS, U. S. Dept. of Commerce, 


Washington 25, D. C.) 
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“Opportunities in Research at Mel- 


lon Institute,” new publication of- 
fered by Mellon Institute to pro- 
spective applicants. (Available on 
request from Office of Professional 
Relations, Mellon Institute, 4400 
Fifth Ave., Pittsburgh 13, Pa.) 


Translated Digests of Current 
Soviet Literature 


Translated digests of the current 
Soviet literature of electronics, auto- 
mation, and physics have been an- 
nounced for publication in 
1958. Designated as “Express” 
ices, these digests will be tailored to 
the present-day research and devel- 
opment needs of American labora- 
tories 

Fast and thorough 
new Soviet developments in each 
special field will be achieved by ex- 
pert scanning of more than 60 lead- 
ing Russian-language 
journals 
before been available to an Ameri- 
can audience 

Coverage of the “Electronics Ex- 
press” 


early 


serv- 


coverage 


professional 


many of which have never 


service will include 
propagation and 


electron 


wave 
antenna design 
tubes and microwave de- 
vices, solid state devices and semi- 
conductors, audio systems and acous- 
tics, circuits and circuit elements 
communication systems (radio, TV 
etc.), electron physics and electron 
optics, and research and control in- 
strumentation 

‘Automation Ex- 
service will include informa- 


Coverage by the 
press” 
tion theory and noise prot 
network 


theory and telemete 
digital and analog computer systems 
control systems and data 


servomechanisms and 


handling 
components 
magnetic amplifiers, and circuits 

Precise areas to be covered by the 
“Physics Express” 
nounced 


are soon to be an- 


Each monthly service will include 
2 to 4 significant articles translated 
completely, 20 to 30 articles that are 
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Notice to Members 

According to the Constitu- 
tion of the Society, Article III, 
Section 9, “Any member delin- 
quent in dues after April 1 of 
each year shall no longer re- 
ceive the Society's publications 
Such delinquents will 
not receive the May issue of 
the JourNaAL. A reminder no- 
tice will be mailed to delin- 
quents about the middle of 
February and a final notice 

about the middle of March 


Ma re h 1958 


summarized by extensive excerpts 
in the author's words, 30 or more de- 
scriptive abstracts of articles, as well 
as an estimated 100 o1 
tated titles of othe: 


lished articles 


more anno- 
currently pub- 
Sample copies and additional in- 
obtained from 
Physical Index Inc 


New York-35, N.Y 


formation may be 
International 
1909 Park Ave 


Book Reviews 


Rectifying Semi-Conductor Contacts, 
by H. K. Henisch. Published by 
Oxford University Press. New 
York City, 1957. 372 pages; $11.20 
The field of solid state physics is 

already so extended that description 

of one specific aspect in the form of 

a monograph is the preferred treat 


ment for books on solid state or even 


on semiconductors lv. This mono 
graph s i vell ter historica 
and introducto g ral survey of 
contact phenomena the semuicor 
juctor field, althoug! quite a nun 
ber of pertinent pr ble Ss, such as 
crystal truct t ind orientation 
irface cne try, crystal perfectior 
pulse technology and fluctuation 
phenomer i are eithe gnored or 
else not dealt wit! ifficiently. Ever 
for the informed reade chapters 
such as those on the polar rectif 
cation ire i practical con 
pilation of useful material 

The defects of the book are chiefly 
those of omission rather than con 
mission. An example of this is the 
introduction. The rectifying systen 


is defined by the asymmetry of the 


current-voltage ratio, and the diffs 
ence between plate ana pt int-contact 
rectifiers is outhned The author 


specifically excludes p-nm junctions 


This is difficult to understand since 


rectification theory is most easily 
explained for p-n Junctions in mono- 


crystals where the local continuity 
of the Fermi level in thermal equi- 
librium immediately gives a picture 
of what in other cases must be de- 
duced from a work function differ- 
Furthermore formed 


ence most 


point contacts, especially on n-type 
germanium, are definitely p-n 


tions 


junc- 
Other omissions include cyclotron 
resonance and its results in discuss- 
ing the temperature dependence of 
the forbidden gap and the effective 
mass ratio, the u.h.f. network analy- 
sis in discussing the high frequency 
equivalent network of diodes, and 
space charge repression and high in- 
jection efficiency from high to low 
forbidden gaps 
H. F. Matare 
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Microwave Measurements, by Ed- 
ward L. Ginzton. Published by 
McGraw-Hill Book Co., Inc, New 
York City, 1957. 515 pages; $12.00 

This book offers a clear and com- 

petent discussion of the methods of 


microwave 


L 
naking 


circuit 


measurements in 
It contains not only a con- 
cise review of the fundamental con- 


cepts but also a review of many of 


the recent techniques and devices 
such as backward wave tubes and the 


Gynamic presentation of impedance 
data While lifferent in detail, } 
general level and scope reminded the 
reviewer of the widely used Vol. 11 
he M. 1. T. Radiation Lab. Series 
Technique of Micr Measure- 


Wave 
lited by C. G. Montgomery 


ts 


as a modern- 


| 

zea replact ent of that book 


ze what type of laboratory 


stence of this book. Such a person, 


would be tl 


ne conciudea em- 


ic 
ployee of a new laboratory, charged 
with the responsibility of setting up 
making exhaustive tests 
on a large shipment of microwave 


components to be delivered some 


months hence. This book would give 


such a worker good advice regarding 


what measuring equipment to buy 
and how to use it, including how to 


nake necessary calibrations and cor 


rections. For 


ng the reader neeas a 
Know ledge especially 


l's equations, but no previous 
owave techniques 


The chapters deal 


sources, power measurement, and 
neasurements upon resonant cavi- 
tiles seem particularly strong. No 
doubt this strength represents the 


specialized interest of the author, 


it 
who is director of the Microwave 
Lab. at Stanford University, which 
has been devi 


the design of high powered klvystrons 


ted to a large extent to 


and linear accelerators 


CURRENT AFFAIRS 


Workers whose interest lies par- 
tially or completely in the field of 
chemistry, mainly through spectro- 
scopy, would find this book of use 
However, since obviously it was not 
planned especially for them, they 
should not feel disappointed that it 
does not satisfy all their needs. For 
one thing, no mention is made of the 
l-to-noise problem in spectro- 
which one is concerned 
with the detection of a small change 
in a large signal rather than a small 
Sec- 
ond, Section 1.13, dealing with fre- 
quency stabilization of oscillators, is 


scopy, in 
signal in the presence of noise 


much too brief, as greater knowledge 
of such circuits is necessary for work 
in modern high-resolution spectro- 
scopy. Finally, 
be dependent entirely upon compo- 
nents which can be purchased be- 
cause individual experiments require 
the construction of specialized ab- 
sorption cells and other components 
For such workers it would be most 
imperative to include a discussion of 
impedance matching methods. Also, 
more practical information on design 
would be desired. For example, 
while the book mentions plungers 
with rf chokes, it never discusses 
their principle or design 


such workers cannot 


This reviewer did not detect any 
The text is aided 


greatly by a profusion of clear dia- 


ligninicant errors 


grams. It fulfills its intended pur- 
pose, and it does honor to the mem- 
ory of the late W. W. Hansen, to 
is properly dedicated 


Yardley Beers 


Underground Corrosion, by Mervin 


Romanoff. National Bureau of 
Standards Circular 579, issued 
April 1957. 227 pages: $3.00. 


The circular is a condensed sum- 
mary of the Bureau's investigations 
of Corrosion of Metals in Soils over 


a period of 45 years 


(1910-1955. ) 
This research was carried on with 
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the cooperation of several public 
utilities, technical associations, and 
manufacturers who supplied mate- 
rial, labor, test sites, and assistance 
in planning the tests. The Bureau of 
Standards’ investigation has been an 
important contribution to a better 
understanding of the subject theo- 
retically and the practical applica- 
tion of preventive measures 

On the whole, contrary to tradi- 
tional notions, little, if any, differ- 
ence in rate of pitting was found be- 
tween the common commercial va- 
rieties of wrought ferrous metals, 
such as low-carbon steel, copper- 
bearing steel, and wrought iron. The 
author points out the fact that the 
irregular condition of soils in contact 
with buried metals often produces 
marked pitting which is one of the 
characteristics of soil corrosion. The 
important controlling factors and the 
mechanism of this type of corrosion 
are described 


A detailed description of field tests 
of pipe and bituminous 
coatings is given with the sections on 
laboratory studies and accelerated 
laboratory tests. The section (pp 
149-165) on accelerated soil-corro- 
sion testing and the evaluation of 
such tests based on comparison with 
field should be quite useful 
Quick tests that give an approximate 
indication of the corrosiveness of soil 
are highly desirable. The limita- 
tions and value of such tests are in- 
dicated in this section 


materials 


tests 


Cathodic protection of metals un- 
derground, which now is relied on so 
generally for protection under these 
conditions, is treated briefly (pp 
179-194) 


The discussion of anaerobic bac- 
terial effects is scattered. In one 
section (p. 154) the important oxi- 
dation-reduction potential (Redox) 
is defined, and on p. 13 a brief gen- 
eral description of anaerobic corro- 
sion will be found. Considering the 
wide-spread damage caused indirect- 


on Batteries, Corrosion, 
Metallurgy 


received at Society 


Hotel. 


Ottawa, Canada, September 28, 29, 30, October 1, 
Electrodeposition 


Manuscripts and Abstracts for Fall 1958 Meeting 


Papers are now being solicited for the Fall Meeting of the Society, to be held at the Chateau Laurier in 
1958. Technical sessions probably will be scheduled 
(including symposia on “Electrodeposition on Uncommon Metals” 
and “Chemical and Electropolishing”), Electronics (Semiconductors), Electro-Organics, and Electrothermics and 


and 2, 


To be considered for this meeting, triplicate copies of abstracts (not to erceed 75 words in length) must be 
Headquarters, 1860 Broadway, New York 23, N. Y., not later than June 2, 1958 
indicate on abstract for which Division’s symposium the paper is to be scheduled. Complete manuscripts should 
be sent in triplicate to the Managing Editor of the JouRNAL at the same address. 


The Spring 1959 Meeting will be held in Philadelphia, Pa.. May 3, 4, 5, 6, and 7, 1959, at the Sheraton 
Sessions will be announced in a later issue. 


Please 


get 

ment 7 
i 
This reviewer pted to visual- 
work: 

would be benefit t by the ex- 

Max 
th signal 
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ly by anaerobic bacteria, the treat- 
ment of this subject is rather inade 

quate 
This Bureau of Standards publica- 
tion affords a useful introduction to 
the subject of Underground Corro- 
sion and its historical development 
Frank N. Speller 


Fundamentals of Electronic Devices, 
by Karl R. Spangenberg. Published 
by McGraw-Hill Book Co., In 


New York, 1957. 505 pages; $10.00 


This excellent 
the attempt to 
graduate text to serve as an 


book grew out of 
develop an under- 
intro- 
duction to electronic studies and, al- 
though pitched to the level of college 
seniors in physics or electrical engi 
neering, it would make a good text 
for a first-year graduate course. Also 
covering as it does the physics of all 
instead of merely 
book offers excel 
those 
not electronics engineers 


electronic devices 
vacuum tubes, the 
lent background material for 
who, while 
are nevertheless involved with ele 
chemists concerned with in- 
for example 


merit 


tronics; 
strumentation, 

One 
treatment is the presentation of basi 
theory in the first third of the book 
prior to the introduction of the mair 
topic. Some devoted to 
a review of the properties of 
and 
and ions in motion in a vac 
This is followed by a brief but 


theory 


outstanding in the 


50 pages are 
elec 
trons, ions, electri magneti 
fields 
uum 
pertinent survey of atom 
the solid state, 
from the 


mechanical point of view 


and conduction in 


solids modern quantun 
The the- 


t f electron em) 


oretical aspects of ssion, 
vacuum tubes, and transistors com- 
prise the middle third of the 
and the final portion 
theoretical principles in generalized 
circuit applications. The latter sec- 
tion is in itself an excellent review 
of fundamental circuits for those al- 
ready with the 
Separate chapters are devoted to 
photoelectricity and noise in 


DOOK, 


utilizes these 


familiar subject 
elec- 
tronic devices 
The commended 
for his energy level 
theory of solids and its bearing on 
the practical aspects of 
junction effects, 
The 
tubes and transistors are emphasized 
and the latest 
and photoelectric devices discussed. 
The bibliography contains 242 ref- 
through February 1956 
are also 13 brief appendixes 
derivation of fundamental 
relationships such as the Fermi- 
Dirac distribution There 
are 229 excellent problems to which 


author is to be 
correlating 


emission 
and semiconductors 
features of 


analogous vacuum 


forms of transistors 
erences 
There 


for the 


function 
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answers are not given ! 
presentation are up to the standard 
of the other books in the McGraw 
Hill Electrical and Electronic Engi- 
neering Series 

Walter E. Miller 


Inorganic 
Therald 
McGraw 
York, 


Syntheses, Vo! 
Moeller. Published 
Hill Book Co., In 
1957. 265 pages; $6.00 
invaluable 

rested i 
pound but ar 
used «a> li 


graduate 


rat 
rat 


proce dure 


Thermodynamics for Chemical En- 
gineers, Second Edition, by H. C 
P. Me 


Handbook of Chemical Data. Fad 
by F. W I hed 


Atack. Publ 


expenst 
ly, a pocke 
pocket dictio 
ly attra 
a prote 


either 


Literature 
from Industry 


New Edition of Dow Products 
Catalog 


Publication of the 
edition of 


7 co 


new 


its general products cata- 


log is announced by The Dow Chem- 


ical Co. This revision includes latest 


information on properties and uses 
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Advertiser's Index 


American Brass Company 
& Adan 
Divi 


New Booklet on Peracetic Acid 
and Derivatives 


re} ile’s 
Electr 
Br 


Position Wanted 


Chemist, inorgani 
Electroplati 
in-acl 

batteries 
rotechny, general phy 

cal commercial testing, seeks position 

in New Jersey and environs; has 

held 


enced in analysis, 


supervisory position exper!- 
capable of produc 
forge 


ing new ideas, anxious to 


ahead. Reply to Box 363 


Position Available 


Required—Chemist with 
fundamental 
to le ad 


industrial 


expe 
ence in research 


electrode processes battery 


research in organization 


Reply to Bow 999 


ea 
“ Chemical & Dye Corporat 33C 
Bell Telephone Laboratori 
bv 
Inc 
by 
. Enthone, Incorporated Cover 4 
Great Lake arbor 
, Corporatior Cover 2 
not Stackpole Carbon ( npal 6C 
! 
be 
| ‘ f some 375 of Dow basic industria 
acl pharmaceutica ind agricuitura 
MEE? COUrse in inorganic prepa chemicals 
gums. The policy of having eact 
‘ n policy i Naving ict ( pit f the general duct 
checked a depend cata gare ava ibie n 
ent laboratory cannot be ecor Service and Deve pment. The Dow 
mended too nigniy Chen i C Midland, Mict 
H. W. Salzberg 
acetic Acid and Der itive ha 
lished by John Wiley & Sons, In« ee! ied by Union Carbide Chem- 
: New York, 1957. 507 page $8.50 a Cc D f Union Carbide 
This book has only 11 page le — 
vated ¢ han tor nd n peracet acid, reactior ep- 
voted to electrocne al topics, and 
the material these page Is COV — sis on 
ered in greater detail in any good — 
elementa! phvsica hemistrv text il ts properti ind { Dle ist 
f 12 epoxides now available re- 
‘ T) al 
For copie f booklet Per- 
acet Acid and Derivative -40.- 
ted 
t LUM write Ur n Carbide Chen 
: Cc 30 E. 42 St.. New York 17, N. ¥ 
| Reinhold Publishing Cory New 
; York. 1957. 627 pages, $6.75 
This pocket e handbook fall 
; nto tn ategoryv OL good 10@€a la | Si 
iown or the ty pe 
and number f page the author Please address to box 
a achieves convenience, but only at shown, c/¢ The chemica 
completeness Actual Society. Inc 1860 Way New 
ize handbook, lke a York 23, N.Y 
iry v hile iperficia 
1 chemist. Anyone 
laboratory ibrary space 
has room for a full-size handbook 
By H. W. Salzberg 
ri- 
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How to make metal blackening an exact science : What metal do you have to blacken? 
Steel, copper. brass. zine? There are seven Ebonol’ compounds in Enthone’s specially developed 
series of blackeners for you to call on for jet blackness. maximum wear resistance and adhesion. 
Enthone is exceptionally well equipped and qualified to assist you in all phases of metal finishing. 
Years of practical experience, extensive research and service laboratory facilities manned by a team 
of specialists in the finishing field are at your service. Write us about your needs or problems. Send 


a sample of your product in question. if possible. Enthone, Ine., 112 Elm St.. New Haven LL. Conn. 
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